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INTRODUCTION

The old-fashioned taxonmomists werve interested to a limited degree in
the morphology, anatomy, distribution and economic uses of their plants.
Nowadays, however, it is impossible to carry out successful taxonomic
research without a thovough knowledge and real understanding of the ex-
perimental morphology, cytology, ecology and gemeral biology of the group
with which one s working. This book is primarily, but by no means exclusively ,
designed for the taxonomist who ts anxious to improve his methods and broaden
his outlook. At the same time it offers to the general botanist working on the
Pteridophytes the necessary fundamental facts about the group and a survey
of the chief vesults of lines of investigation velated to his own.

Besides this, certain branches of the subject ave dealt with more fully,
because no good surveys of them have been published. Though the existing
literature has always been considered, no attempt has been made to review
the whole of it. This manual is not, and never could be, an exhaustive mo-
nograph, it is vather a collection of essays. The editor has always urged his
contributors to give more space to new ideas than to an academic summary
of established knowledge. Comparatively Ulittle space has been allowed to
subjects which have been treated at length in vecent books, e.g. ontogeny, or the
classification of the fossil Pteridophytes. In this way wmore room has been
found for topics in greater need of treatment, and duplication has been avoided.

In aims as well as in method of treatment it follows closely the same editor’s
“Manual of Bryology” (The Hague, 1932).

It is hoped that these two Manuals will provide those working on the Arche-
goniatae with a new breadth of view and help them to put their problems and
vesults in a truer perspective.



FOREWORD

by
F. O. Bower, F.R.S.

An opportunity has been offered me, and gladly accepted, to write a
brief Foreword on the Archegoniatae. It may serve as a bridge between
the Manual of Bryology already produced by Dr. VERDOORN, and the
Manual of Pteridology now presented by him. Collectively these volumes
give a general conspectus of those primitive plants of the land which take
a pivot-place in morphological comparison, and present in its most
pronounced form the alternating life-cycle first fully disclosed by Hor-
MEISTER. A special feature of these volumes is that they bring together
studies of Mosses and Ferns, not only from the laboratory and experimental
garden, but also from the herbarium and the field, while Palaeobotany
takes an important place in them. Too often these branches of botanical
science have been cultivated apart, and so are liable to be estranged:
though all sources of the knowledge of Plants should be coordinated in
leading to a general understanding of them, and to their natural seriation.

A scientific Morphology of Plants may be said to have dated from 1851,
when HOFMEISTER’s Comparative Studies were published. The reasoning
of the earlier morphologists had been for the most part of the nature of
deductive ideology, based primarily on study of the Higher Plants. Their
method was corrected in 1841 by SCHLEIDEN who, together with NAEGELT,
strove to convert Botany into an inductive science, on the same footing as
Physics or Chemistry. This aspiration was realised in the brilliant research-
es of HOFMEISTER on the Archegoniatae and Gymnosperms. His synthesis
from below marked the birth of a Morphology founded on a comparative
study of relatively primitive types. There followed a period of search into
life-histories, not only in the Archegoniatae but also in the Thallophytes.
Meanwhile cytological analysis having advanced, the quest was extended
from somatic form to nuclear detail. In 1894 came STRASBURGER’S
announcement of Periodic Reduction as a constant feature in the normal
nuclear cycle for organisms possessed of sex. But for Plants at large the
somatic phases, or “generations”, proved inconstant in their relation to it.
There are in fact three forms which that relation may take. Examples of
them are known respectively as I. Haplobionts, such as the Algae Scinaia,
Oedogonium, or Chara, where there is no diploid soma: II. Haplo-diplo-
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bionts, as in many Thallophytes, though variable in them: but typical of
the normal Archegoniatae and of primitive Seed-Plants, where both
gametophyte and sporophyte are present: and III. Diplobionts, where the
soma is diploid, a state characteristic of Animals. In the Highest Plants
practically a like condition has been attained by progressive reduction of
the haploid phase. Thus for organisms possessing sex somatic development
varies in relation to a more stable cytological cycle. It is an old principle
in Morphology to accord weight to characters according to their stability.
Hence the normal nuclear cycle will take precedence over such somatic
developments as have been imposed upon it.

The development of a soma, or “generation”, whether haploid or diploid,
punctuating the nuclear cycle, is in fact an optional not an obligatory
event in the life-history of sexual organisms at large, however constant
such phases may be within limited circles of plant-affinity. OLTMANNS has
concluded from wide comparison of the Algae that just as sexuality may
have arisen repeatedly and independently in various groups of the lower
organisms, so may the various higher families have carried out independ-
ently the establishment of two generations. In fact that homoplastic post-
sexual phases have been developed in widely different plants, such as
Dictyota and Polysiphonia among the Algae. But this does not imply
their homogeny one with another, nor with that of any one of the Arche-
goniatae. This leads on to the statement of GOEBEL, that the doctrine of
alternation as founded originally for the higher plants, from the Bryophyta
upwards, cannot be extended to all plants. Further we may conclude that,
since it is not possible to bring any one family of living Thallophytes into
genetic relation with the Archegoniatae, the alternation of generations
seen normally in them should be discussed on its own merits.

Many years earlier than 1894 irregularities had been recorded in the
normal Hofmeisterian cycle. They are known as Apogamy and Apospory.
At first sight such happenings seemed to be wholly subversive of regularised
alternation, and a period of confused thought followed. But so long as the
eye rests upon the normal cycle, with its constantly recurring features of
syngamy and reduction, the Scylla of apogamy and the Charybdis of
apospory may safely be passed, as relatively recent irregularities in the
developmental history of a Land Flora. For we are not entitled to assume
that the normal cytological cycle was arbitrarily regularised for all time,
nor that the irregularities seen today took any part in the development
of the remote past. For us they demonstrate present potentialities rather
than past history.

Thus far this discussion has been purely morphological. But it may well
be assumed that events, relatively so constant as those of the normal
archegoniate cycle, have had some steady biological foundation to stabilise
them. As early as 1890 I had suggested that amphibial life presents con-
ditions that would favour the development of a diploid sporophyte. It
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would thus appear as a natural outcome of migration from water to land,
though no consecutive series of living amphibians now exists illustrating
that transition. It has always been held that the Archegoniatae probably
sprang from some green algal source. Such types as Ulothrix, Oedogonium,
Coleochaete, and Chara have commonly been quoted. All of these stand
cytologically on the haplo-biontic plane, reduction being involved in the
first division of the zygote. Not one of them seems to have hit off the in-
novation of postponing reduction, and interpolating a stable diploid phase.
Their stolid conservatism has resulted in evolutionary inertia. Here lies
the biological gap between green aquatic and green amphibial life. But if
any race of littoral plants were to have initiated such a diploid phase as
the more primitive sub-aerial plants possess, the capture of the land
would have lain open before it, provided the diploid phase were fitted to
endure sub-aerial life. It would have secured at one stroke three biological
ends of supreme importance to any land-living plant: (I.) a multiplication
of possible combinations of hereditary characters, as SVEDELIUS has shown,
(I1.) an opportunity for a wide spread on land by dissemination of spores;
and (IIL.) relief from dependence on repeated syngamy for numerical in-
crease. Probably this last may have been the most important. The superior-
ity thus gained would favour a rapid advance of the sporophyte. The
haploid ancestors would be left hopelessly behind, and agap would widen
between these and their successful rivals. The result of this is actually
what is seen today.

A précis, biological rather than phylogenetic, may be given of the
general course which appears to have been taken in the establishment of a
Land Flora, with the sporophyte as its dominant factor. The normal
Hofmeisterian cycle underlies the whole progression. There is no clear
evidence how the protective archegonium originated, but its constancy
shows its importance for nascent life on land. The zygote, as we see it in
the Bryophytes, first assumes polarity, apex and base being defined in
relation to the basal cleavage. Here, as comparison shows it to be in the
archegoniate embryo at large, the apex lies centrally in the epibasal
hemisphere, and the base in a corresponding position in the hypobasal.
A primitive spindle is thus defined, having an oval or cylindrical form in
the simplest types. In the Bryophytes this is elaborated structurally along
well-known lines of specialisation, but without branching. It remains
dependent on the gametophyte. An important step in its elaboration,
following NAEGELI's fundamental law of organic development (Abstam-
mungslehre, p. 352), has been the distinction of a sterile base from a distal
fertile capsule. In this it prefigures the structural unit of vascular plants
designated by ZIMMERMANN as the Telome.

Notwithstanding that the gametophyte reaches its highest state of
organisation on land in the Bryophytes, these plants present a dwarfed
habit. There was something wanting in their make-up. It appears to have
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been a lack of coordination of the factors of advance. The Moss-plant, on
which the sporogonium depends, bears leaves and is usually profusely
branched: but it is without internal ventilation. On the other hand, the
sporogonium of a Moss possesses internal ventilation through stomata,
but lacks appendages or branching. Thus neither phase of the cycle has
been developed structurally to a full photosynthetic equipment, by com-
bining elaboration of form with internal ventilation, as the Higher Plants
have done. Moreover the sporogonium cannot draw its supplies directly from
the soil. What is required for the advance of such a diploid phase as this on
land is physiological independence, together with elaboration of form.
Without the latter no great size can be reached. The simple sporogonium
may be contrasted with the diffuse form of ordinary land-vegetation. The
difference shows the importance of maintaining a due surface-volume-
ratio as the size increases. Notwithstanding these disabilities the Bryophy-
tes have achieved a limited success, and have made the best of the simple
Spindle, — or Telome-unit.

Up to the turn of the Century the widest gap in the sequence of plants
was held to lie between the Mosses and Vascular Plants. But its opening
years were marked by the establishment of the ancient Class of the Psilo-
phytales. In them we see fossil plants of very primitive type and early
horizon, which have solved for themselves the biological problems that
held back the Bryophyta. They present an independent and branched
sporophyte. Probably these innovations were closely related in origin.
The Psilophytales possessed cylindrical, photosynthetic, and forked shoots,
with more or less marked tendency to dichopodial or even monopodial
branching. Their distal and often large sporangia were solitary or grouped,
while the whole plant was fixed in the soil by tuberous or elongated
rhizomes. These plants suggest types of branched sporogonia, fixed in-
dependently in the soil. Of living plants the nearest related to them are the
Psilotales. In the various known types of ancient fossils we may find
suggestions of further lines of advance towards types still living, such as
the Lycopods and Equiseta; or to others known only as fossils, such as the
Sphenophylls. But above all, comparisons with the Ferns are the most
interesting. Such comparisons raise questions of foliar origin and of the
grouping of sporangia, on which considerable diversity of opinion has
developed, especially in relation to microphyllous types. These problems
may be resolved later by help of new discoveries among the fossils. Certainly
the last word, whether on the origin of leaves or of their relation to
sporangia, has not yet been spoken.

The Ferns present the best object-lesson in continuous evolution of
any Class of Land Plants. From the earliest Coenopterids to the present
day Ferns have been distinctively Ferns. We may trace many of those types
now living in continuous sequence from pre-existent Ferns. They now
appear not as vestigial relics, but as vital factors in vegetation: being
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represented by many thousands of species. Up to 1890 it had been assumed
that the simplest Leptosporangiates were the most primitive of them all.
But in that year, on comparative grounds, CAMPBELL claimed priority in
evolution for the Eusporangiates. This claim is now amply supported by
fossil evidence. The Coenopterids, with their massive sporangia, sometimes
solitary and distal, sometimes grouped in simple sori resembling telome-
trusses, are essentially palaeozoic types. The Ophioglossaceae and Marat-
tiaceae represent them today. Their cladode sporophylls give evidence by
venation of a dichopodial origin, to which even the axis has been ascribed.
It is still an open question whether or not there was in the ancient fossil
Stauropteris any axis at all; it is significant that its frond resembles
anatomically the stalk of Asteroxylon. Collectively the Coenopterids suggest
the origin of early Filicales in relation to a source such as the Psilophytales
might supply. From those Palaeozoic types to the modern Leptosporangia-
te Ferns the sequence is one of steadily advancing accommodation to
shaded sub-aerial life. Even at the critical period of transition at the end of
the Palaeozoic Age there was continuity of type. It is witnessed by the
Osmundaceae, Schizaeaceae, and Gleicheniaceae, types that still survive.
The story of the evolution of the modern Leptosporangiate Ferns has been
followed in detail in “The Ferns’’, Vols: I-I1I, 1923-1928, and stated in
brief in “Primitive Land Plants”, 1935.

The data therein contained show how greatly the organisation of an
ancient phylum, such as that of the Ferns, may be transformed from that
of its original source. How much greater may we expect the transformation
to have been in the evolution of modern Seed-Plants. If this argument be
given its due weight, the attitude in further enquiry upwards will be, to
use the experience gained from simpler types, as suggesting valid methods
of analysis and comparison, in leading towards those plants that take the
highest place. In either case we may expect to find the traces of early
evolutionary steps disguised and overgrown by secondary adaptive
change. This appears to affect the vegetative more than the propagative
system. Spore-production is a constant feature in each normally completed
cycle, and the spore-producing parts retain their character. In particular,
the micro-sporangia of Flowering Plants show a degree of conservatism
that links the organisation of the whole series of Vascular Plants historical-
ly together, more effectively than any other feature of land-vegetation.
Such sporangia may be held as the correlatives of those of the homosporous
Pteridophytes, and of the distal capsules of the Psilophytales: or even of
some type resembling those of the living Bryophytes. The normal scheme
of life which we see in the amphibial Archegoniatae, though variously
balanced, is essentially the same for the whole series. It consists of an
underlying cytological cycle with somatic growth, developed or vestigial,
threaded between its alternating events.



CHAPTER I

MORPHOLOGY

by
J. C. ScrouTE (Groningen)

§ 1. Historical introduction. — Since the task of any morphology is
the study of forms, it should always be based on an inventory of the oc-
curring forms and a description of them by means of a suitable terminology.

The terminology for the Vascular Plant sporophyte, being recast and
improved by LINNE, in that shape offered a satisfactory basis for the
taxonomical description of the Pteridophyte species.

A judgment on the mutual relations of the different Pteridophyte orders
and on their relation to Bryophytes and Spermophytes, was still much
impeded by lack of knowledge about the gametophyte and the alternation
of generations; so LINNE himself still included Lycopodium in the Musci
and the Cycads in the Filicinae (Genera Plantarum).

In the first half of the nineteenth century botanists, stimulated by
HEeDpWIG’s success in discovering the sexual reproduction of Bryophytes
(1782), diligently searched for sexual reproduction in Pteridophytes.
However as they were convinced that Pteridophytes were only imperfect
Spermophytes, their line of enquiry followed curious paths. The sporangia
usually being looked upon as fruits, fertilization was imagined to be
brought about in the most different ways, by the involucre, by the annulus,
or by certain hairs; the spores of Equisetum on the other hand were mostly
considered to be flowers, consisting of an ovary with four surrounding
stamens.

A. P. pE CANDOLLE gave an interesting survey of these opinions in
1827 1). The name of “spore or gongyle” is considered by him as a very
appropriate non-committal name for those organs of which it is still
unknown whether they are fecundated or not; if they are, of course they
really are seeds, if not, they are bulbils. The only Pteridophytes offering
less difficulty according to the opinion of these days were the heterospores,

1} A. P. pE CANDOLLE, Organographie végétale, Paris 1827, II, p. 119.
Manual of Pteridology 1
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the megasporangia for instance of Pilularia and of Marsilia obviously
being monospermous pistils and the microsporangia being sessile anthers
containing a yellowish globular pollen. It was, however, inexplicable why
Selaginella had male and female organs while Lycopodium and Psilotum
only had one, presumable male, kind.

The elucidation of the real state of things only came gradually. The
first observations were those on germinating spores, revealing the exist-
ence of a prothallus. This prothallus was generally taken to be a cotyledon,
or in the case of a cordate prothallus, to represent two cotyledons.

BiscHOFF rightly saw a difference between spores and seeds in 1828 1),
in the fact that spores did not contain any part of the future plant.

Shortly afterwards von MOHL in an excellent paper 2), by comparison
came to the conviction that the spores in no respect resembled seeds or
ovules, but that morphologically they were related in a striking way to
pollen grains. As however their life cycle was wholly different he was
obliged to admit that they yet were different from pollen grains.

Real progress could only become possible after the discovery of the
antheridia and at the same time of the spermatozoids by NAGELIin 18443);
the author however did not conceal his doubt as to the importance of his
discovery, the position of the antheridia on the cotyledon being so strange
that it “fast nicht denkbar ist welche Beziehung sie hier zur Befruchtung
der Sporenzellen haben kénnten” 4).

Four years afterwards Count LEszczyc-SuMINSKI discovered the arche-
gonia ?%); though his observations in many respects were still defective, he
even saw the entrance of spermatozoids into the neck canal. His conclusion
was that the Ferns no longer could be included in the Cryptogams, and
that it would be better to transfer them to the Monocotyledons (on account
of their single cotyledon, the prothallus).

When after the study of these papers we consult the famous paper by
HorMEISTER ) of 1851, we are struck with admiration for HOFMEISTER’S
genius. Indeed this modest volume of 142 pages text has been something
like a flash of lightning. Without a single word of introduction it treats a

1) G. W. BISCHOFF, Uber die Entwicklung der Equiseten, insbesondere des
Equisetum palustve, aus den Sporen, Nova Acta 14, 1828, p. 779.

?) H. voN MoHL, Einige Bemerkungen iiber die Entwicklung und den Bau der
Sporen der cryptogamischen Gewachse, Flora 16, 1833, p. 33.

3) C. NAigeLl, Bewegliche Spiralfaden (Saamenfaden?) an Farren. Zeitschr. f.
wiss. Bot. 1. Heft 1844, p. 168.

4) lc.p. 184.

5) J. Leszczyc-SuMiNski, Zur Entwickelungsgeschichte der Farnkriauter, Ber-
lin 1848.

¢) W. HoFMEISTER, Vergleichende Untersuchungen der Keimung, Entfaltung
und Fruchtbildung hoherer Kryptogamen und der Samenbildung der Coniferen,
Leipzig 1851.
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number of Mosses, Pteridophytes and Conifers from several aspects,
especially dealing with the cell divisions giving rise to stem and leaves, and
also with their reproduction. At the end a three page “Riickblick” follows,
giving the full theory of alternation of generations in two pages, the third
being reserved for the resignation of all hope of discovering differences be-
tween stem and leaf in the cell division order.

Not only by this work was the life history of Pteridophytes established,
not only was their full cycle of morphological features made known, but
moreover a high-light was thrown on their affinities to both Bryophytes
and Spermophytes, clearing the way for a natural system of the great
plant groups.

Theoretically the way was cleared too for the idea that Pteridophytes
are not to be understood from the knowledge of flowering plants, but that
on the contrary the flowering plants up to then had been wrongly supposed
to be understood, and that they had to be taken as a highly spécialized
and hardly recognizable branch of the Pteridophytes. In practice it took
more than half a century before this view became commonly held, as the
flowering plants being dominant, were much more studied, and the feeble
modern remnants of Pteridophytes were less accessible.

A great improvement in this respect was reached by the discovery of
numerous new fossil types, especially of the Psilophytinae. By these
discoveries the range of the Pteridophyte canon of morphology was much
enlarged and a much better survey of the underlying principles became
available. As we shall see in the following pages this survey shows a plant
group in which a number of different solutions for one and the same
problem have been elaborated, a single one of which has been preserved in
the Spermophytes.

Some general references to literature: the only special Pteridophyte
morphology as far as I know up to the present, has been written by VE-
LENOVSKY 1). For further literature we may refer to ENGLER & PRANTL 2),
GOEBEL %), HIRMER ¢) and specially to BOWER %), where the most recent
papers may be found.

§ 2. The common principles of Pteridophyte morphology. — Be-
cause of the great range of variation in the Pteridophyte morphology the
principles common to all members of the class are relatively few. They are:

) J. VELENOVsKY, Vergl. Morph. d. Pflanzen, I, Prag 1905, p. 152-277.

*) ENGLER & PRANTL, Die natiirlichen Pflanzenfamilien, I, 4, Leipzig 1902.

3) K. voN GoEeBEL, Organographie der Pflanzen, 3rd ed. II, Jena 1930, p. 1039~
1362.

4) M. HirMER, Handbuch der Paliobotanik I, Miinchen und Berlin 1927, p. 147~
692.

%) F. O. BOowER, Primitive land plants also known as the Archegoniatae, London
1935, see p. 111-646.
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1. the occurrence of an antithetic alternation of generations, the two
generations being a small and lowly organized haploid gametophyte,
usually called the prothallus, still more or less adapted to aquatic life or to
life in a moist medium, and a large and highly organized diploid sporophyte,
adapted to terrestrial life and provided as such with vascular tissue, with a
cuticle and with stomata; ‘

2. the occurrence in the gametophyte of antheridia and archegonia of a
special type of organization;

3. the occurrence in the sporophyte of a stem with apical growth;

4. the occurrence in the sporophyte of sporangia of a special type of
organization.

Moreover a number of organs may be present in a larger or smaller
proportion of the Pteridophytes, which by adding essential parts to the
morphology of these groups deserve special treatment here. Firstly the
embryo may be provided with special organs which evidently are adap-
tations to the conditions of embryonic life, the suspensor and the foot. In the
second place the adult sporophyte in the large majority of cases produces
roots, leaves and sporophylls, and often strobili.

Further a number of Pteridophytes bear organs about which the
opinions of botanists are widely divergent: the Psilofum sporophyll, the
Selaginella rhizophore, the stigmarian axis, the stigmarian rootlet, the
Isoetes stock base, the Pleuromeia stem base, and the Nathorstiana stem
base.

The following paragraphs of this chapter will accordingly be devoted
successively to the prothallus (§ 3), the gametangia (§ 4), the stem (§ 5),
the sporangium (§ 6), the root (§ 7), the leaf (sterile leaf and sporophyll)
(§ 8), the strobilus (§ 9), special parts of the embryo (§ 10), organs which
have given rise to controversies about their morphological nature (§ 11)
and appendages of the surface, hairiness (§ 12).

§ 3. The prothallus. — Unless reduced the prothallus is a green auto-
trophic pluricellular body, of comparatively low organization.

Its shape varies to such a degree that no general rules can be given: it
may be like a moss protonema, consisting of a branched system of filiform
cell-rows (Schizaea) ; it may be like a foliaceous liverwort, flat, dorsiventral
and prostrate (Aspidium), it may be cone-shaped or cylindrical (Lycopo-
dium spp).

When it is attached to the substratum, this is brought about by means
of rhizoids.

In some cases the prothallus shows a certain differentiation of its parts;
in the different orders this differentiation does not follow the same lines
and evidently it is of polyphyletic origin1). Thus there may be lobes

1) R. OrtH criticizes (Morphologische und physiologische Untersuchungen an
Farnprothallien, Planta 25, 1936, p. 104) the “artificial”’ taxonomical systems of
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showing a certain resemblance to leaves (Equisetum, Lycopodium cernuum),
or there may be separate parts with a peculiar shape in which the game-
tangia are formed (Lycopodium clavatum, apical part of top-shaped prothal-
lus, Trichomanes, archegoniophores). In many cases brood-tubers may be
formed, enabling the gametophyte to resist injurious conditions.

Many prothalli undergo a certain amount of reduction. A not uncommon
feature'is the loss of chlorophyll, in which case free-living prothalli get
their organic matter by symbiosis (Psilotum, many Lycopodium spp.).

Another kind of reduction, often combined with loss of chlorophyll,
is the reduction in size and in number of cells in the prothalli of hetero-
spores. The megagametophytes as well as the microgametophytes mostly
remain inside the spore wall or slightly protrude from it; the number of
cells may become so small that a microgametophyte only consists of one
antheridium and a few, or even only one, prothallus cell.

In all these cases the development of the prothallus as well as that of the
gametes is executed mainly or wholly by means of the nutritive substances
deposited in the spore, from the sporophyte. Inthe megagametophyte even
the development of the embryo and the young sporophyte to a certain
extent is provided for from the same source.

§ 4. The gametangia. — The Pteridophyte gametangia on the whole
are of a rather uniform construction, following mainly the same lines as in
the Bryophyta; they always consist of a sterile cellular wall covering the
gametes.

The antheridia, usually being more or less globular, may be more or
less embedded in the prothallus tissue. At maturity they either open by
sejunction of the wall cells at the apex or by disintegration of one large
apical cell. They always produce two or more usually numerous sper-
matozoids, which are more or less spirally coiled cells with two (Lycopodi-
um, Selaginella) or numerous cilia (Equisetum, Psilotum, Isoetes, Filicinae).

The archegonia, being always embedded with their basal part in the
prothallus tissue and only the neck protruding more or less, do not quite
show the typical flask shape of the Bryophyte archegonia. Every arche-
gonium contains one large basal egg cell and a row of a varying number
of canal cells. At maturity the neck opens at the top by sejunction of the
apical cells while by the disorganization of the canal cells the way to the
egg cell is made free for the spermatozoids. In some cases (Psilotum) the
opening of the neck ensues by the throwing off of its upper part.

Ferns, based exclusively on the differences in the annuli, the construction of the
sporangia and the indusia and on sorus distribution; he wants these systems to be
replaced by a “natural” system, based on the developmental history and the
morphology of the gametophyte (see especially p. 149).

Probably most taxonomists will not yet be inclined to go that length.
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§ 5. The stem. — A. General Properties. In our § 2 the stem has
already been characterized by its apical growth. Indeed the universal
possession of a vegetative cone, adding again and again new young parts to
the mature ones, is as essential for the stem morphologically as it is from
a physiological point of view.

We cannot reverse the thesis and say that every part of the plant with an
apical cone is a stem, as the root always and the leaf in many cases, at
least temporarily, are formed in the same way. No more can we say that
the apical cone in the Pteridophytes is a peculiar feature, a new acquisition,
as the stems of many Algae like Fucus already have it in the same way.

The striking properties of vegetative cones of course have often captivat-
ed the attention of botanists; what we find in literature on the topic is
however practically limited to observations on the presence or absence of
an apical cell, on the order of cell division, the direction of partition walls,
and further, on the earliest differentiations of new organs in the cones.

Yet it is not the cell network which gives the peculiar power to the cone,
nor is the production of new organs its chief property. In the unicellular
apex of Caulerpa or of the Sphacelariales the same forces are present
without any cell network; cones with and without apical cells are alike
in their achievements, and many cones, for instance most root cones, never
produce new organs.

The vegetative cone is to be taken as another consequence of the general
faculty of living beings to form their different parts according to different
laws, by means of the activation of different morphogenetic forces. This
faculty applies equally well to the different parts of a cell as to the parts
of a tissue. It is the cause of the different plastics of different parts; it may
also giverise to different physiological properties.

In the case of the vegetative cone its chief property, the power of adding
new parts to the mature ones, is restricted to a very limited area. As in
most similar cases, that of the cambium for instance, it is accompanied by a
marked difference in plastics between the active cells and other cells of the
plant, the former being meristematic. The apical meristem is further
characterized by a most remarkable but quite unexplained regeneration
and concentration power; the parts adjoining the mature tissues differ-
entiating in their turn, the special forces in the centre of the meristem are
always concentrating and never disappear.

It is exactly the mode of concentration which furnishes the great differ-
ence from intercalary meristems, cambia and marginal meristems: in the
intercalary meristems and in the cambia the concentration is directed
towards a plane, in the marginal meristems it is directed towards a line and
in the apical meristems towards a point, the so-called vegetative point.
As a consequence of this mode of growth we may take the paraboloid shape
of the vegetative cone.

The backward concentration in a vegetative cone usually works with
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an astonishing perfection. Yet it seems to be a general property of all
vegetative cones that in some abnormal specimens, more or less subject to
exceptionally vigorous growth, the mode of concentration changes. The
central area in such cases loses its circular outline, it becomes elliptical or
even almost ribbon-shaped, the concentration now being obviously direct-
ed towards a line. In such a way the stem apex becomes cuneiform, and a
fasciation of the stem is the result.

Continued growth of a fasciated stem usually tends to exaggeratation of
the fasciated condition, the “vegetative line’’ growing longer and longer,
and the stem becoming broader and broader. Probably this is due to the
fact that the surrounding meristematic tissues which in the normal cone
increase in all three dimensions, continue to grow in about the same way,
but that their tangential growth for which in the normal paraboloid cone
room is provided, here has the effect of stretching out the thin apical line.

Usually after some time the vegetative line is broken up and consequent-
ly the apex itself, instead of remaining cuneiform, is divided into two or
more pieces which may themselves be elliptical or circular: in such a way
the fasciation is accompanied by a dichotomous ramification 1).

Fasciation has been observed in Pteridophytes as well asin Gymnosperms
and Angiosperms, in stems as well as in roots. Though the real nature of
fasciation may be quite unexplained as yet, we may be sure that its causes
must be connected with the essential properties of the vegetative cone it-
self, and perhaps the study of fasciation may incidentally afford the means
of getting some insight into the mysteries of the vegetative cone.

It need hardly be mentioned that the growth by an apical meristem
confers a polar character on the stem, to be exact, a unipolar or heteropo-
lar one. '

B. Form of stem. The paraboloid shape of the vegetative cone usually
entails a cylindrical form for adult stems; only in dorsiventral stems may
the transverse section get an elliptical or other form owing to the different
morphogenetic forces acting at opposed sides of the vegetative cone.

It is only in very rare cases that the stem form may become more com-
plex; such a case is found in the stem of Matteuccia Struthiopteris and
some other ferns, where “epidermal pockets” are developed 2) over the
leaf insertions. These cavities may extend even into the pith.

They have a superficial likeness to leaf-gaps, but as MEKEL has shown
convincingly they are due only to growth differences, not to any intrusion.
GWwWYNNE-VAUGHAN once speculated about the possibility of a fusion of

) This paper being already in type, the point of view taken by the present
author has been worked out in: Fasciation and dichotomy, Rec. trav. bot.
néerl. 33, 1936, p. 649, where instances are given and the literature is
reviewed.

?) J. C. MExEL, Die Entwicklung des Stammes von Matteuccia Struthiopteris
insbesondere die der Hohlungen, Rec. trav. bot. néerl. 30, 1933, p. 627.
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these pockets 1) which would give rise to a stem having the form of a
lattice-work tube, in the same way as a fusion of leaf-gaps gives rise to a
pith. The difference however is that while leaf-gaps are due to the centri-
petal extension of stimuli which may fuse, the endodermal pockets never
can surpass the limit of the original circumference of the stem at the time
of their formation. -

C. Origin of stem. The main stem of a Pteridophyte always or nearly
always is formed directly from the embryo. It is only in some Lycopodium
species and in Phylloglossum that a protocorm, a tuberous body, is formed
first which in its turn produces one or more stems; about this protocorm
see § 11.

Usually every plant forms a number of stems the greater part of which
arises by ramification of the main axis, as will be dealt with at length sub
D. In a minority of cases however stems may be produced from roots or
from leaves.

Cases in which roots form buds are rather rare: Ophioglossum furnishes
a well-known instance 2).

Buds on leaves are rare in microphyllous plants (Isoetes 3)), but frequent
in ferns. Usually they are formed accurately in definite places, which
may vary in the different species. According to KUPPER 4) these positions
may be: at the lamina base only; on the main rachis in the pinna axils or
at the pinna bases; on the lamina itself; on the terminal pinna only, at its
base or near its apex; on a specially elongated main rachis with small
pinnae; at the apex of the main rachis; on leaf-runners without any pinnae.

In all cases the stem seems to arise exogenously. In the literature known
to me only one instance has been reported of an endogenous formation,
for the sporeling of Equisetum. BARRATT found that whereas all branches in
Equisetum always arise exogenously, only the first branch of the main axis
is formed in the interior of the stem, about at the level of the endodermis ?).

The transverse section figured by BARRATT (fig. 5) seems quite convin-
cing as a proof. Yet in view of the remarkably exceptional character of the
case caution seems advisable. The bud in question is formed either at
the first node or under it, sometimes even a considerable distance under
the first leaf sheath. Now it might be possible that the space in which the
bud develops was connected by a canal or pocket with the axillary space

1) D. T. GWYNNE-VAUGHAN, On the possible existence of a fern stem having the
form of a lattice-work tube, New Phytol. 4, 1905, p. 211.

?) GOEBEL, op.c. p. 1221: ENGLER & PRANTL, op.c. p. 461; M. W. BEYERINCK,
Beobachtungen und Betrachtungen iiber Wurzelknospen und Nebenwurzeln, Verh.
Kon. Akad. v. Wetensch. Amsterdam, Afd. Nat. 25, 1886, see p. 15.

3) GOEBEL, op.c. p. 1220.

4) W. KuprpPER, Ueber Knospenbildung an Farnblattern, Flora 96, 1906, p. 337.

®) K. BARRATT, A contribution to our knowledge of the vascular system of the
genus Equisetum, Ann. of Bot. 34, 1920, p. 201, see p. 208.
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of the first leaf sheath over it ; in that case the conditions would be a parallel
to the pseudo-endogenous buds of Angiopteris *) and of Dracaena 2).

D. Ramification. A not strictly essential, yet most important character
of the stem is its ramification.

Certainly in any plant at least part of the stems will remain unbranched
throughout life. Yet the faculty of branching, of producing new vegetative
cones giving rise to daughter branches, is of general occurrence and is quite
indispensable to the life-cycle of nearly all Pteridophytes.

I. Kinds of ramification. Asto the mode of production of
new vegetative cones it is customary to distinguish between dichotomy,
lateral and adventitious branching.

Dichotomy is the splitting up of the vegetative cone into two parts,
recalling the simplest case of splitting in fasciation; lateral branching is
the development of a new vegetative cone in a lateral part of the stem apex
and adventitious branching is the production of a new cone in adult tissue.

This distinction, though seemingly absolutely definite and clear-cut,
on closer examination loses much of its pregnancy. In the first place be-
cause of the fact that all graduations between dichotomy and lateral
branching occur 3). Dichotomy approaches lateral branching as soon as the
two daughter branches are not of equal size. In such cases the stronger
branch, as occupying the greater half of the podium, grows out in a
direction less diverging from the original podium direction than the weaker
branch which is crowded somewhat aside. This gradually leads to a con-
dition in which the stronger branch is the direct continuation of the
podium, the weaker branch being quite lateral in position.

In the second place we have transitional stages equally between lateral
and adventitious buds; moreover in practice there is usually great un-
certainty about the time of initiation of any given bud 4). .

Yet, notwithstanding these difficulties, there remain clear cases like
the dichotomy of Lycopodium Hippuris, the lateral branching of Equisetum
and the adventitious branches of Rhynia Gwynne-Vaughani, and on the
whole the distinction is not only serviceable in most cases, but it even has
some taxonomic value in so far as dichotomy, with transitions to lateral
branching, is the prevailing mode of ramification in the Psilophytinae, the
Psilotinae and the Lycopodiinae; lateral branching with transitions to

Y} W. DocTERs vAN LEEUWEN, Ueber die vegetative Vermehrung von Amngiopte-
vis evecta Hoffm. Ann. de Buitenzorg, 2nd ser, 10, 1912, p. 202.

) J. C. ScuouTE, Ueber die Veridstelung bei monokotylen Biumen III, Die Ver-
istelung einiger baumartigen Liliaceen, Rec. trav. bot. néerl. 15, 1918, p. 263.

%) Ap. BRONGNIART, Histoire des végétaux fossiles, II, Paris 1837, p. 3. See
moreover J. C. ScHOUTE, Beitrage zur Blattstellungslehre II, Uber verastelte
Baumfarne und die Verastelung der Pteropsida im allgemeinen, Rec. trav. bot.
néerl, 11, 1914, p. 94, especially in the object from Sendoro.

4) ScHOUTE 1914, l.c. p. 165.
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dichotomy prevails in the Filicinae, whereas the Articulatae only have
lateral branching, the Profoarticulatae with their more or less dichotomous
branching only excepted.

II. Spatialrelations of branches. The branches of a
branch system usually are not distributed at random without any order. In
most cases certain laws may be found governing their arrangement, laws
to which up to the present botanists have not paid sufficient attention.

These spatial relations may be reciprocal relations between the branches
themselves, relations to the nodes of the stem, relations to the leaves, or
finally combinations of these.

a. Spatial relations between the branches of a
branch system.

l1.In plants with equally dichotomizing stems.
In these cases the two daughter branches, equally dividing the available
space at the top of the podium, are always opposed; there is no opportunity
for additional rules. Successive dichotomies however may show a definite
reciprocal orientation of their division planes.

So in Psilotum triquetrum the successive planes are at right angles to
each other, ensuring in this way a satisfactory spatial allocation of the
erect branches, and no doubt the same relation which has been recently
termed cruciate dichotomy by TROLL !), occurs in many other plants too.

Another condition is that the successive dichotomies all have their
planes parallel, so that all branches fall into a single plane. This condition,
called flabellate dichotomy by TroLL, is observed in some dorsiventral
branch systems as in Lycopodium complanatum, Phegopreris Dryopteris
and Lygodium scandens 2).

According to TROLL these two modes are due to the general symmetry,
other conditions not being possible. For the flabellate dichotomy the
dorsiventral nature of the stems may indeed be responsible. For the
cruciate dichotomy however I cannot admit this, radiate symmetry not
being itself a principle in the plant, but only a lack of differentiation of the
morphogenetic forces at the different sides of the stem.

Indeed, though other stable conditions have not come to my notice,
they might very well be possible, and in any case there are instances of
radially symmetric stems in which the successive dichotomies are indepen-
dent of each other in direction. In Lycopodium carinatum 1 found the per-
fectly equal dichotomies following each other at any angle; in one and the
same shoot system rectangular, oblique and parallel positions of the planes
being equally represented.

Similar conditions have been reported in literature for other species.

1) W. TroLL, Grundsitzliches zum Stigmarienproblem, Flora 129, 1934, see p. 99.
?) For illustrations of the two last mentioned cases see VELENOVSKY, op.c. p. 248
and 249.
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CRAMER 1) writes about L. Selago: “Die successiven Verzweigungsebenen
bilden alle méglichen Winkel mit einander, die Verzweigungsrichtung un-
terliegt also keinem Gesetz. Ich habe mich davon auch bei der Unter-
suchung junger Zustidnde iiberzeugt”, and illustrates this by three diagrams
of three plant individuals (Pl. 32, fig. 13-15). And HEGELMAIER found in
L. alpinum ?) that the dichotomies usually follow under an oblique angle,
sometimes rectangularly; in L. Selago he could not find a fixed relation
at all.

Obviously the cruciate dichotomy, where it occurs, is due to an effect
of the lower dichotomy on the next higher one, an effect not to be found
in L. carinatum and L. Selago.

2. In unequally dichotomizing stems. Here the
conditions are somewhat more complicated,asthe successive larger branches
form a more or less perfect sympodial axis, whereas the smaller branches
may show reciprocal spatial relations.

Of these a single one is very well known, namely that of the flabellate
dichotomy, where alternately the right and the left branch is the stronger.
In the dorsiventral shoot systems of Lycopodium volubile we have fine
instances; therelative strength of all branches being very accurately regu-
lated in these cases, the shoot system in outline resembles a fern frond.

Of radial shoots with unequal dichotomy no reliable data were available,
though the subject would certainly repay an investigation. There is some
probability that at least in some cases the smaller branches will be arranged
in a regular cladotactical system, though in other cases they may be
arranged without any apparent regularity; cf. § 8 B IV.

3. In laterally branching stems. Here we have
striking examples of regular cladotactical systems.

In Ulodendron, Lepidodendron Veltheimianum and other related forms
the large scars which undoubtedly bore some kind of branches are placed in
a regular distichous arrangement, quite independently of the complicated
phyllotactical system. The main axis here sometimes follows a zigzag course
from one branch to the other; this has been illustrated by ScHENCK 3). It
is clear that such a cladotaxis can only be due to determination of the
place of higher branches by the lower ones, just as the place of higher
leaves is determined by lower ones: these two parallel processes must have
been present in the same stem, independently.

Perhaps still more striking is the case of the Halonia branches of
Lepidophloios where the lateral branches are arranged in a more complicat-

1) C. CRAMER, Uber Lycopodium Selago, Pflanzenphysiologische Untersuchun-
gen von CARL NAGELI and CARL CRAMER, 3. Heft, Ziirich 1855, p. 10.

?) F. HEGELMAIER, Zur Morphologie der Gattung Lycopodium, Bot. Ztg 30,
1872, col. 773, see col. 826.

3) K. A. ZirTEL, Handbuch der Palaeontologie, Miinchen & Leipzig, II Palaeo-
phytologie 1890, see p. 192.
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ed spiral: a specimen pictured by GOLDENBERG 1Y) of Lepidophloios lari-
ctnus with four branch parastichies seems to have had an arrangement after
a system 4 + 5.

b. Spatial relations to nodes of stem. Relations of
this kind evidently are only possible in lateral branching. They occur only
in the class of the Articulatae, where they seem to have been present in all
members, probably only the Profoarticulatae excepted. The relation is
that the production of branches is only possible at the nodes of the stem, so
that a certain relation to the leaf production ensues.

In the distribution of the buds on the nodes great differences may be
observed. We may have stems which are quite unbranched in the aerial
part (Calamites spp. of the group Stylocalamstes), where the ramification is
limited to the subterranean stems, and to the production of lateral fruc-
tifications.

In other cases the stems may branch at every node (Calamites spp.
group Eucalamites; Equisetum arvense, sterile shoots), the number of
branches at a single node varying from two (or one?) to many.

In still other cases the production of branches is limited to some of
the nodes, in a regular rhythmic order (Asterocalamites Lohesti %), Calami-
tes spp. group Calamitina), every single fertile node following after one
(Asterocalamates) or after a number (Calamitina) of sterile nodes, a rhythm
accompanied in the latter case by an apically increasing length of the
successive sterile internodes. The fertile node in these cases bears a number
of branches.

c. Spatial relations to nodes and to other
branches at the same time. Branches borne at nodes at the
same time may show mutual spatial relations, and indeed these occur in
many instances. In the first place we may cite cases in which every node
bears a fixed number of equidistant branches; in Calamites carinatus the
number usually is two, in C. multiramis and in other members of the Ca-
rinatus group, as well as in Asterocalamites Lohesti, the number is higher.

In other cases however the branches, though being numerous in every
branch whorl, seem to have been placed at unequal mutual distances
(Calamites spp. group Calamitina, see for a good example Calamophyliites
verticillatus as figured by ZEILLER 3), and without any doubt these distances
were strikingly different in A sterocalamites radiatus (see our fig. 1).

In the second place the branches of different nodes may show spatial
relations. Often the branches of successive branch whorls alternate regu-

') F. GOLDENBERG, Flora Saraepontana fossilis, Saarbriicken 1855-1862, Pl. 16.
fig. 6.

?) A. RENIER, Astevocalamites Lohesti n.sp., du houiller sans houille (H 1a) du
bassin d’Antide, Ann. d. 1. Soc. géol. de Belgique II 1910, p. 13.

®) R. ZEILLER, Bassin houiller de Valenciennes, Description de la flore fossile,
Paris 1886, in Etudes des gites mineraux de la France; see Atlas Pl. 57, fig. 2.
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larly (Asterocalamites Lohesti ; Calamites multivamis, large branches of main
axis). In other cases the successive whorls are superposed (Calamites
wmultivamis, on the second order branches; Asterophyllites equisetiformais).
In still other cases other relations occur; in Calamates carinatus according
to HIRMER 1) the planes of the successive pairs may meet at an angle of 60°,
so that we get a cladotactical system 2 + 4 with six orthostichies.

On the contrary, in the group Calamitina the successive whorls, which
are moreover often heteromerous, do not seem to have had any spatial
relations.

Quite an isolated form of these cladotactical patterns is afforded by
Asterocalamites radiatus. A study of two natural objects, both pictured
from two sides in KiDsTON and JoNGMANS 2), reveals the following con-
ditions. Fig. 1 renders one of these objects in a diagrammatic drawing; the
other object 3) offered
quite analogous con-
ditions. From our figure
itisobviousthat the place
of insertion of every
branch lies over the
largest gap between two
lower ones, and further
that when these twolower
ones areinserted at differ-
ent nodes, the higher
branch lies towards the
side of the lowest branch.
The 16 internodes of the
object show successively,
as far as can be made out

from the photographs, 3, TFic. 1. Asterocalamites vadiatus. After Kipston and
1,3,2,4,2,4,1,4,2,6,1, JonNGmans,op.c.(f.n. below),PL.150, fig. 3and P1.151,

fig. 1 (same object from two sides). Only outline of
5,25 and 3 scars. Per- specimen, internode lines and branch scars rendered.
haps one or two scars Internodes numbered. Reduced.

have been hidden at the
side or have become indistinct, but in any case the number of scars at the
nodes varies very irregularly. The cladotactical system surely is not a
whorled one, but is most like a spiral system. Its regularity however is not
such as to make possible a counting of the parastichies.

The most remarkable property of this arrangement is that it clearly
demonstrates that branch formation, though only possible at the nodes,

1) HirRMER, op. c. p. 445, fig. 542.

) R. KipstoN and W. J. JongMANS, A monograph of the Calamites of Western
Europe, the Hague 1915-1917.

3) KipsTtoN and JoNGMANS, op.c. PL. 152, fig. 1 and 2.



14 J. C. SCHOUTE, MORPHOLOGY

is not a consequence of a certain disposition of a particular node, but that
any part of any node is able to form a bud, the actual distribution of the
buds being determined by the lower branches, just as is the case with
leaves in a phyllotaxis.

In Asterocalamites Lohests all this may be exactly the same, but as, at
least in the specimen described by RENIER, really every second node is
fertile, the intermediate ones being sterile, this can not be made out.

In still other forms we may observe another curious phenomenon, viz the
occurrence of two kinds of branches. These branches are placed at different
nodes in Calamates discifer and in C. crassicaulis, but at one and the same
node in C. multiramss. Here we may observe that the two kinds of branches
are independent to such a degree that the row of numerous small strobilifer-
ous branches passes underneath the insertion of the row of larger, less
numerous, vegetative branches, though otherwise in all Articulatae the
branches of one node are placed in a single row.

d. Spatial relations to nodes and to leaves at
the same time. Amongst the Articulatze the genus Egquisetum is
remarkable for another rule for the branch distribution. Though bearing all
lateral branchesat the nodes in a single whorl, the arrangement differs from
that of all related groups, as BRONGNIART already described in 1828 1), by
the fact that every branch is placed between two leaves of the leaf-sheath
of the node, so that the number of branches is equal to that of the teeth of
the sheath and to that of the ribs of the internode below. In the case of
heteromery of successive leaf sheaths the number of branches is never
influenced by the number of ribs of the higher internode but always keeps
to that of the lower whorl, though the branches take their origin in the
vegetative cone from a stem part right between the two nodes .

As far as I know JANCZEWSKI %) was the only author who ever pointed
out this easily accessible fact ; it has only been figured by MEYER 3).

In other Articulatae there is no relation between the individual leaves
and the branches of the node.

e. Spatialrelationstoleaves.

I.In plants with equally dichotomizing stems.
All Filicinae with equally dichotomizing stems have a fixed relation, as far
as observed, between the stem branching and a single one of the leaves,
the so-called angular leaf of VELENOVSKY 4). This relation amounts to the

1) Ap. BroNGNI1ART, Histoire des végétaunx fossiles, I, Paris 1828, p. 102.

?) E. pE JaNczewski, Recherches sur le développement des bourgeons dans les
Préles, Mém. Soc. nationale des Sc. natur. de Cherbourg, 20, 1876, p. 69, see on
p. 84.

3) F. J. MEYER, Das Leitungssystem von Equisetum arvense, Jahrb. f. wiss. Bot.
59, 1920, p. 263, see fig. 6.

%) VELENOVSKY, 0p. c.p. 249. See moreover SCHOUTE, l.c.p. 1914 (f.n. p. 9), p. 163.
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fact that this angular leaf occurs on the podium, at one side of the dicho-
tomy, just under and between the two daughter branches.

In the equally dichotomizing microphyllous Pteridophytes no such
angular leaves are to be observed.

For Lycopodium VELENOVSKY mentions that no angular leaf is present in
stems with a spiral phyllotaxis, but that in tetrastichous stems of Lycopo-
dium complanatum an angular leaf is to be found on both sides of the
dichotomy.

As in L. complanatum the leaf pairs are alternately placed laterally and
medianly, of course every dichotomy has on both sides a leaf in the position
of the angular leaf, but the fact that as soon as the phyllotaxis changes,
even in the same plant, no angular leaves remain already demonstrates
that these angular leaves are only angular by incidental position. The same
conclusion is reached by an observation of the natural object. Our fig. 2
representstwo cases being
drawn from dichotomies
of two sister branches,
taken at random. In A
and B we have a case
corresponding to VELE-

NOVSKY’s decription, A as
seen from the light side, B
from the shadow side. In
C and D we have
quite another distribution
owing to the fact that the
last whorl of the podium
and the first whorl of both
shanks are trimerous.
Consequently the light
side C has no median leaf
at all, the shadow side D
ou the contrary has, but FiG. 2. Lycopodium complanatum. Herb. Univ. Gro-
in quite another position ningen, specimen from Hangsberg bei Herrnhut,

from that of B. In the coll. Breutel. Two dichotomies from light side (4,C)

and same from shadow side (B,D). Enlarged.
sameway even those cases

with a median leaf on both sides may vary; at the level of the dichotomy
wemay havea median or a lateral leaf pair or any intermediate condition ).

In Psilotum angular leaves are equally absent; this may already be
concluded from the fact that often the successive dichotomies follow so

1) After having written this paragraph I have become aware of the fact that
HEGELMAIER (L.c. col. 826) reports exactly the same conditions for Lycopodium
complanatum, even with the incidental trimerous whorl under the forking.
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closely, that many shanks have no leaves at all. Yet they dichotomize just
as well as others.

So the angular leaves may be considered as restricted to the Filicinae.
For this class their importance has been denied of late by BOWER 1) on
account of the varying mode of junction of the angular leaf trace with the
stele. This argument in my opinion is of no value, as the downward course
of all traces varies according to local circumstances and is no reliable basis
for the judgment of external organization.

For any botanist doubting the validity of this opinion I might cite
as an instructive instance the fine observations made by STENZEL on
Dryopteris Filix-mas %), in which he found that the bud trace may join the
stelar system of the leaf base in very different ways, namely after having
been simplified in its downward course to a single solid bundle (l.c. Pl. 4,
fig. 6, 8, 9), so that the branch medulla was “formed anew’ as he expressed
it, or as a tubular bundle, so that the medulla of the branch was formed
from that of the leaf base (fig. 10), or finally in the form of three separate
bundles, decurrent from a solid ring (fig. 12, 13). In an analogous way the
angular leaf trace obviously may join the stelar system in different ways.

2.In unequally dichotomizing stems. Here the con-
ditions are almost the same as in equal dichotomies.

Inall Filicinae we observe an angular leaf between two unequal branches,
though sometimes the angular leaf may be shifted on to the weak branch
(Pteridium aquilinum %)). And in Lycopodium the angular leaves are
wanting in the same way as in equally dichotomizing cases.

For Selaginella, where the unequal dichotomy prevails and which con-
sequently has not been treated sub 1, we have to consider separately the
numerous dorsiventral species where angular leaves are to be found, and
the few radial species where they are absent. The former will be dealt
with below, sub g; for the latter I may refer to our fig. 3, representing a
branching shoot of S. selaginoides as seen from two sides. The phyllotaxis
of podium and shanks being a spiral one of the main series, it is particularly
clear that no angular leaf occurs.

This has already been recognized by AL. BRAUN ¢) who wrote for Lyco-
podium and for Selaginella: “Bei vielzeiliger Blattstellung lidsst sich ein
constantes Verhiltniss des Zweiges zu einem Blatte, das man als Tragblatt
bezeichnen kénnte, nicht nachweisen, indem der Zweig bald genau iiber

') F. O. Bower, The ferns, I, Cambridge 1923, see p. 74, and op. ¢. 1935 p. 300.

*) K. G. STENzZEL, Untersuchungen iiber Bau und Wachsthum der Farne. II
Uber Verjiingungserscheinungen bei den Farnen, Nova Acta 28, 1861, p. 3.

) VELENOVSKY op. c. p. 250 and especially M. BUsGeN, Einige Eigentiimlichkei-
ten des Adlerfarns, Zeitschr. Forst- und Jagdwesen 47, 1915, p. 235.

4) AL. Braun, Uber die Blattstellung und Verzweigung der Lycopodiaceen,
insbesondere der Gattung Selaginella, Verh. bot. Ver. Prov. Brandenburg, 16, 1874,
p. 60.
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ein unter ihm stehendes Blatt, bald in die Liicke zwischen 2 vorausgehende
Blitter fallt”.
3.Inlaterally branching stems. Here a striking relation
between the branch and a leaf may occur, but again this is only to be
found in the Filicinae, not
in any microphyllous
plant. The relation, as I
tried to demonstrate at
length on a former oc-
casion 1), is identical with
that between a dichotomy
and the angular leaf,
though because of the
great difference between
the small lateral branch
and the main stem it

amountstoaleafandaF 3. Selazinelia selaginoides. Herb. Scandinavi

. 1G. 3. Selaginella selaginoides. Herb. Scandinavicum

lateral bud next toiit. (Haglund & Kallstrom, Falun). Dichotomic branching
As a rule the lateral from two sides; specimen soaked in water and more

branch is situated at the ©of less transparent. Leaves numbered according to

right or left side of the spiral phyllotaxis. Enlarged.

leaf insertion. In many cases however the position changes: the lateral
branch may become quite axillary, it may be situated basally to the leaf,
just under it, or it may shift on to the leaf-base, forming in this way a
transition to the many stable forms of branch formation in the fern leaf
mentioned above sub C. For particulars see my quoted paper and es-
pecially METTENIUS 2). There may even be two branches near one single
leaf insertion, one to the left, one to the right, or even four, two at each side.

For those starting from the well known axillary branching of the Angio-
sperms and trying to explain the Filicinae from that point of view, these
conditions may seem very strange; we should however reverse the case and
recognize that the general tendency of macrophyllous plants is the pro-
duction of branches in relation to one particular leaf; as special forms of
this tendency we have on one side the equal dichotomy with its angular
leaf, on the other side the axillary branching, which in the Filicinae is
represented in the Hymenophyllaceae.

f. Spatial relations uncertain or not fixed. Of
course the presence of stable spatial relations is more easily stated than
their absence. Perhaps many cases of branch systems without spatial re-
lations are present in nature, but beyond the case of Lycopodium carinatum

1) ScHouTE l.c., 1914, (f.n. p. 9) p. 161.
?) G. MeTTENIUS, Uber Seitenknospen bei Farnen, Abh. d. math. phys. Kl. d. K.
Séachs. Ges. d. Wiss. 5, 1861, p. 611.

Manuazl of Pteridology 2
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treated above p. 10, no cases can be mentioned here for the above reason.

The only topic to be dealt with here is the position of lateral branches in
the Lycopodiales of which the spatial relations have been described very
differently. We shall deal successively with Lycopodium Selago, Lepido-
dendron and Sigillaria.

1. Lycopodium Selago. InL. Selago and in some allied species
so-called bulbils are of common occurrence, short detachable branches
serving as a means of vegetative propagation. About their arrangement as
well as about their morphological origin 1) the statements of the different
authors are widely divergent.

METTENIUS wrote in 1860 2) that the bulbils are placed at the side of
the leaf-bases. HEGELMAIER on the contrary found them to occur in the
place of a leaf 3). VELENOVSKY again reports them to arise “zwischen den
Blattern ohne alle Orientierung zu den letzteren” in L. tnundatum *), and
in L. Selago he mentions them as placed “unregelméssig zwischen den
Blittern an der Achse, indem sie die Ordnung der nichsten Parastichen
stéren”. Lastly CzurpA like HEGELMAIER finds them in the place of the
leaves when they are few in number; as soon as they become numerous the
whole phyllotaxis becomes irregular ®). In his diagrammatic drawing Fig. 1
we see that most bulbils take the place of a single leaf, but some of them of
two superposed leaves.

My own observations on some L. Selago plants from Alp Palil in Switzer-
land belonged to the simpler cases of CZURDA, all bulbils taking the place
of a single leaf without causing more disturbance.

Summarizing these data we may say that the bulbils in any case disturb
the phyllotaxis in so far as by their presence one or sometimes two leaves
are wholly omitted; when they are numerous the whole phyllotaxis loses
its regularity. A spatial relation of any bulbil to any particular leaf is not
recognizable; the bearing of these facts on the phyllotaxis will be discussed
laterin § 8sub A IV.

1) R. WiLso~N SMiTH (Bulbils of Lycopodium lucidulum, Bot. Gaz. 69, 1920, p.
426) tried to solve the question of their morphological origin on the basis of modern
technique and serial sectioning; he concluded from the nature of the bulbil trace,
that the bulbils should be metamorphosed leaves: a new argument for the ineffi-
ciency of anatomical research in morphological questions.

The same result was reached on an experimental basis by S. WILLIAMS (A
contribution to the experimental morphology of Lycopodium Selago, with special
reference to the development of adventitious shoots, Trans. Roy. Soc. Edinb. 57,
1933, p. 711) ; the descriptions of the regeneration products and the drawings do not
however warrant any conclusion.

*) METTENIUS, l.c. p. 628.

3) F. HEGELMAIER, l.c. (f.n. p. 11), col. 841.

4) VELENOVSKY, op.c. (f.n. p. 3), p. 257.

") V. CzurDA, Zur Kenntnis der Brutzwiebeln von Lycopodium Selago und L.
lucidulum, Flora 116, 1923, p. 457.
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2. Lepidodendron. The distichous ulodendroid scars of L.
Veltheimianum have been quoted p. 11 as examples of a cladotactical
system. It remains however tobeinvestigated, especially after taking cogni-
zance of the facts related for the Lycopodium bulbils, as to how far the large
corresponding branches disturbed the phyllotaxis.

Many drawings or photographs of the large scars amidst the small

F1G. 4. Lepidodendron Volkmannianum, After STUR, op.c. (f.n. below), P1. 23 (40),
fig. 3a, (actual stem) 3b, 3¢ [impressions).

leaf scars seem to demonstrate that though the phyllotactical system
above the branch scar resumes its original pattern, at the actual place of
insertion a great number of leaf scars has been suppressed. The fine drawings
by FAHRENBAUER in STUR?!) however, clearly demonstrate that a large
part of the apparent branch scar was clothed with epidermis and bore
numerous small leaf scars, only the centre (the “Nabel”) being the insertion
of the branch. About the completeness of the phyllotactical pattern these
drawings give no information.

1) D. Stur, Die Culm Flora, Abh. k.k. Geol. Reichsanst. 8, Wien 1875-77, see
Pl. 21 (38), 22 (39).



20 J. C. SCHOUTE, MORPHOLOGY

As STUR himself already compared these large scars to the Lycopodium
bulbils which he believed to be axillary productions, he tried to prove the
axillary position of the Lepidodendron branch scars too. He therefore
looked for objects with smaller “bulbils’ amongst the Lepidodendra, and
once succeeded in finding them in a specimen of L. Volkmannianum. The
object consisted of the flattened stem itself and moreover of the two differ-
ent impressions in the rock (our fig. 4); four “bulbil”’-scars in total being
present. Two of them are to be seen in the right impression, the cross
higher up only indicating the place where a further scar might have been
expected. Two others are present in the left impression, in such positions
as to make clear that the four scars together formed a distichous system.
The small preserved part of the actual stem only contains a single scar, the
same as the lower one in the right impression.

From these figures it becomes clear that the branch scars are placed
between the leaf scars in the only possible way: obliquely over one of the
asymmetric leaf scars. A definite relation to any one of the leaves is not
to be assumed, the more so as we see that in the left impression the in-
sertion of the two branch scars is different in so far as the higher one is in
contact with a lower scar on its left, the lower one with a leaf scar on its
right.

Moreover — and this is the reason why the figures have been reproduced
here — it is obvious that the whole phyllotactical pattern is disturbed in
the vicinity of the branch scars, as only the higher branch scar of the left
impression is surrounded by unchanging leaf parastichies, whereas the
three other branch scars all have changes in the parastichy numbers just at
their place of insertion.

Our conclusion may therefore be that these branch scars, whatever they
may have been, in their spatial relations showed analogy to the bulbils
of Lycopodium as described above.

3. Sigillaria. Inthe different species of Sigillaria the strobiliferous
branches were borne in various ways, as may be gathered from the fine
drawings in ZEILLER 1), some of which have been reproduced in our fig. 5.

In S. elegans (5a) they were borne more or less exactly in whorls, their
number in a whorl being far less than the number of leaf orthostichies. In
the branch whorl the individual branches were placed at varying distances
and indiscrimately in a leaf orthostichy, between two orthostichics or in
an intermediate position.

In other species, like S. tesselata, the branches were locally more numer-
ous and were placed in vertical rows between the leaf orthostichies, either
without causing any disturbance of the latter (56) or disturbing the
phyllotaxis more or less (5¢). The number of the branch scars here is
somewhat greater than that of the leaves in the adjacent orthostichies:

1) R. ZEILLER, op.c. (f.n. p. 12}.
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special spatial relations between branches and individual leaves are
lacking.

In S. mamillaris the branch scars are not confined to the spaces between
the leaf orthostichies, but are often placed exactly in the leaf orthostichy
itself; they exert a rather strong disturbing influence on the phyllotaxis.

F1G. 5. Sigillaria spp. After ZEILLER, op.c. (f.n. p. 12). a = Pl. 87, fig. 1, S. elegans;
b,c = Pl 85, fig. 8 and 1, S. tesselata; d = PL. 87, fig. 5, S. mamillaris; e = Pl. 82,
fig. 9, S. scutellata.

In S. scutellata finally the phyllotaxis in the branch bearing zoneis
so strongly disturbed that it becomes wholly irregular.

4 Comparison of spatial relations of lateral
branchesin Lycopodiinae. Thephenomena in the three groups
described above from the observations instituted quite independently by
so many authors, all show a strong similarity. In all cases the branches,
when numerous, disturb the phyllotactical pattern; when they are less
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numerous they may be formed quite independently of any leaf insertion, or
they may be formed at those places which have been as yet left free from
leaf formation, i.e. either between the leaf orthostichies or in a single leaf
orthostichy. In so doing the branches may either only crowd the leaves a
little aside without influencing their number, or they may prevent the
formation of one or more leaves, the place of which they have taken.

Our impression therefore is that in the Lycopodiinae leaf formation and
branch formation may become competing processes; when branching is
earlier, as in equal dichotomy, the leaves may only cover the space that
is left for them; when leaf formation gets ahead, the branches have to
put up with the space left between the leaves, and finally when the two
processes are more or less simultaneous they may disturb each other.

g. Taxonomicvalue of differentmodesofbranch-
ing. As pointed out above p. 9, the different forms of branching have a
certain taxonomic value.

To the arguments given there, we may now add that the relation between
branches and nodes in the Articulatae which no doubt is connected with
the peculiar node organization in that class, is of outstanding taxonomic
importance.

The relation of a branch to a particular leaf seems equally to be of first
importance, as it occurs in all Félicinae and not in microphyllous Pteri-
dophytes, with the only exception of a number of Selaginella species. For
that reason we have to consider these cases anew here.

When VELENOVSKY in 1905 enounced the idea !) of the importance of
the angular leaf in the Pteridophyte branching he based his views to a
large extent on Selaginella. Indeed the angular leaf in the dorsiventral
stem systems is very remarkable; it is the only symmetrical leaf occurring
in these systems. As such it has already been adequately described in 1874
by BrAUN 2).

Of course it would be possible, that the same relation between a particu-
lar leaf and ramification which is present in megaphyllous plants, had been
developed in a group of microphyllous plants as well, as a parallel phe-
nomenon. The fact however that only dorsiventralspecies display it, while it
is lacking in radial species of the same genus, makes this rather improbable,
and it may therefore be worth while to consider the facts in some more
detail.

As far as I can see there is only one other possible supposition, namely
that the dorsiventrality factors which influence both ramification and phyl-
lotaxis, in doing so establish a certain relation between the two. To check
the merits of such a view it will be necessary to review the facts for both
ramification and phyllotaxis.

1) VELENOVSKY, op.c. p. 249; probably already earlier in a Czech paper of 1890.
2) AL. BrRAUN Lc. (f.n. p. 16), p. 62.
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The ramification in a dorsiventral Selaginella is of a very characteristic
kind. In the aerial branching systems a sympodial main axis is formed
out of the stout shanks of the successive unequal dichotomies, the smaller
shanks being placed in a strictly alternating order at the right and left
sides of the main axis. At those places where the Selaginella “frond” is
quite flat, as usually is the case at least at the last ramifications, all
branches are really placed exactly in the same plane. Often however the
lateral branches, especially near the base of the “frond” are turned up-
wards, towards the sky, and in such places the insertions of these branches
are also to be found on the upper side, so that the successive dichotomies
are no longer flabellate, but cruciate.

In view of this fact the idea becomes tempting that perhaps all branches
really are due to cruciate dichotomy, but that by the dorsiventrality factor
all shanks are reduced more or less to the same plane. The stronger
branches in that case would all be the under shanks, the smaller branches
the upper shanks.

The lateral branches usually follow at about equal distances; sometimes
however a very unequal, we might say an iambic, rhythm may be observed
when alternately the successive parts of the main axis bear e.g. 3 or 1 pair
of leaves, and some number of, say 13. I have never seen two successive
lateral branches at the same side of the main axis.

The phyllotaxis is essentially diagonally decussate, the under leaves
being shifted towards the sides and all leaves being often unequal-sided
or falcate. In the last thin branches of a “frond” with their densely packed
leaves the phyllotaxis is usually quite regular, in the main branches with
their more diverging leaves it often becomes rather irregular by many
longitudinal shifts. The last leaf pair of every shank consists of a peculiar,
symmetrical under leaf, the angular leaf, which is situated in the fork and
a normal upper leaf at the insertion of the stout shank or often shifted up
on to that shank, even several mm. The under leaf of the next lower pair
is then often also shifted on to that same shank.

Because of these shifts it is not always easy to determine the number of
leaf pairs of a given shank, which may give some trouble in checking the
correctness of the view enounced by BRAUN, that every shank always
bears an odd number of leaf pairs. Yet I believe this statement to be
correct, and as BRAUN remarks, the alternation of the lateral branches and
the normal position of the angular leaf pair can only be reconciled in that
way, as our schematic fig. 64 may illustrate. Between the two dichotomies
two normal leaf pairs have been drawn and it is clear that only an even
number of pairs between the two angular leaf pairs will be able to ensure
their reverse positions; the shank therefore should contain an odd number,
the angular leaf pair being included.

In my incidental observations I was not able to find exceptions to this
curious rule. Yet BRAUN himself writes: “Von dieser Regel kommen jedoch
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merkwiirdige Ausnahmen vor, indem der Zweig auch nach einer geraden
Zahl von Blattpaaren (Unterblittern) eintreten kann, in welchem Falle er
mit dem vorausgehenden Zweige auf dieselbe Seite fillt. Dem Bestreben
nach Abwechslung wird alsdann (nicht immer, aber meist) dadurch Geniige
geleistet, dass der Zweig sich aufrichtet und die Stelle der Hauptachse
einnimmt, die Hauptachse dagegen, zur Seite gedringt, die Rolle des
Zweiges spielt. Bei vielen Arten kommt ein solches Verhalten nur als
seltene Abweichung vor, bei einigen aber (S. Wallichii) wird es zur Regel”.

In order to examine these curious but not very lucid facts I studied some speci-
mens of Selaginella Wallichii from the University Herbarium at Utrecht. They in-
deed showed the even number of leaf pairs for every part of the sympodial axis of
the “fronds”, in casu invariably 4 pairs. The distribution of these pairs was how-
ever not that of fig. 6C (derived from 6B), as might have been inferred from
BRAUN’s description. In 6C the position of the angular leaf pair would be alternately

Fi1G. 6. Selaginella. A = diagrammatic representation of relation between phyl-

lotaxis and branching in most dorsiventral species. B = same from description by

Braun for S. Wallichii, without change of size of main axis and lateral branches.

C = as above, with interchange of size. D = actual condition in S. Wallichii. Leaf

pairs of sympodial axis indicated by Roman numbers, of small shanks by Arabic
numbers.

different for any two successive dichotomies. It was however, with some variation
in the longitudinal shifts, the arrangement of 6D.

At first the idea might present itself that here we had some trimerous whorls
(ITII, IV, IV and III’, IV’, IV’), but as all leaves here, as in other dorsiventral
Selaginella spp. are inserted on the usual four orthostichies, this is not very proba-
ble. Moreover the leaves may very well be grouped in pairs, with some longitudinal
shifts; this has been done in 6D by designating the leaves in the same way as in the
diagrammatic figures 4-C. The longitudinal metatopies of 6D are not stronger
there than in other cases.

From the above observations I am inclined to the following view on the relation
between branching and phyllotaxis in the dorsiventral Selaginella species. The
branching is an independent phenomenon; the smaller shanks of the unequal
dichotomy or, what amounts to the same, the lateral branches, are placed alternately
at the right and the left.

The phyllotaxis is a diagonally orientated decussation; one of the under leaves
always shifts into the angle of the dichotomy, and because of that peculiar position
the dorsiventrality factors do not get any hold on it, so that it develops symmetric-
ally.
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In the majority of species this angular leaf is one out of the orthostichy at the
small shank side (64). Therefore the upper leaf of that pair falls in front of the
sympodial axis, and moreover any part of the sympodial axis has an odd pair of
leaves.

The two dichotomy branches begin with symmetrically placed pairs of leaves,
their upper leaves being turned towards the dichotomy angle: the stout shank
therefore continues the phyllotaxis of the podium, the first leaf pair of the small
shank being superposed over the last podium pair.

In Selaginella Wallichii the angular leaf is an under leaf out of the orthostichy at
the stout shank side. The upper leaf of the same pair therefore falls in front of the
small shank and the number of leaf pairs of any part of the sympodial axis is even.

The two dichotomy branches begin their phyllotaxis exactly in the same way as
in all other species; owing to the different position of the angular leaf pair it is now
the small shank which continues the phyllotaxis of the podium.

After this view the hypothesis of the main axis and the lateral branch
interchanging their réles may be spared. At the same time, and this may
be the excuse for this long digression, the way is cleared for the assumption
that the angular leaf of the dorsiventral Selaginellac may be something
quite different from the angular leaf of the Filicinae, playing no role in the
branching itself.

E. Kinds of stem plastics. The term plastics (Plastik) has been
framed by Ar. BrRAUN 1) to indicate those form properties of the flower
which do not depend on the mutual arrangement of the floral parts nor
its division into floral belts: it therefore comprises all the special characters
of form, colour, consistency, pubescence etc. The use of the term at present
is almost limited to taxonomic papers, but it may be of great advantage
in general morphology to denote the range of variation of differentiation.

For a survey of stem plastics in the Pteridophytes the reader may be
referred to VELENOVSKY 2). Here will be treated only the question of
different kinds of stem plastics in one and the same plant. In many
Pteridophytes such a difference does not occur, all stems being essentially
alike (Rhynia, Isoetes, Pteris). In many other Pteridophytes however the
fully developed plants exhibit two, three or even more different kinds.

Thus we may have sterile and fertile stems (Equisetum arvense), aerial
stems and subterranean rhizomes (same instance), normal rhizomes and
stem tubers (do.), normal leaf bearing stems and stolons (Alsophila
aculeata 3)), normal rhizomes and special runners with root-hairs and root-
function (T'richomanes sect. Hemiphlebium), normal stems and strobilus
axes (Lycopodium clavatum).

F. Nodes and internodes. In leafless Pteridophytes nodes and inter-
nodes are wanting, every stem being a single unit. As soon as there are
leaves however they may be distinguished, at least theoretically, and when

1) AL. Braux, Uber den Bliithenbau der Gattung Delphinium, Jahrb. f. wiss.
Bot. 1. 1858, p. 307.

?) VELENOVSKY, op.c. p. 230-242.

) STENZEL, l.c. (f.n. p. 16), PL. 1.
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the leaves form leaf traces, the structure of nodes and internodes even
differs anatomically.

In a number of Pteridophytes the plastics of nodes and internodes is
practically the same: in such cases the distinction properly has no value
(Lycopodium, Lepidodendron). In other cases nodes and internodes may
differ more or less in plastics; this occurs to a great extent in the Ar#icu-
latae. The intercalary growth of the Equisetum stem, for instance, is
wholly based on this differentiation. In such cases the distinction assumes
real morphological importance.

In literature there has been much speculating about holocyclic and
mericyclic nodes, including either a whole transverse disc of the stem or
only a sector (CELAKOVSKY 1)) or about the question whether an internode
between two whorls might be taken as homologous to an internode be-
tween two scattered leaves. All these speculations are useless, and the
simple opinion of AL. BRAUN is by far to be preferred, namely that a node
is nothing but a part of the stem, differentiated more or less in a special
way under the influence of the leaf insertion 2%).

G. Telome. The term telome as introduced by ZIMMERMANN 3)
designates the last ramification of a stem or shoot, as far as it is one single
unbranched body, externally as well as in its stelar structure.

As soon as a stem develops a lateral branch, its basal part by that fact
is no longer a telome or part of it, but it is a part of a syntelome; its un-
branched apex on the contrary remains a telome.

Though the term has been accepted of late by highly competent au-
thorities like HALLE and BOWER, yet in my opinion the use of it is not to be
recommended. Our morphological conceptions should be read from nature
as far as possible, our morphological terms should correspond to parts
owing their origin to natural processes.

A stem, being formed by a given vegetative cone, responds to that
requirement. But that a stem should change into two different parts by
the development of a lateral branch to me seems an unnatural, artificial

conception.

§ 6. The sporangium. — The sporangium of the Pteridophytes is a
more or less globular, reniform or sack-shaped organ, usually freely pro-
jecting on the surface of the sporophyte, seldom imbedded, in which
following reduction division haploid air-dispersed spores are formed. The
sporangium being already known in the oldest land-plants as far as our
record goes, its phylogeny is quite uncertain; perhaps it is derived from
a group of tetrasporangia.

Its place on the sporophyte is either terminal on the stem (Psilophytinae)

1) L. J. CELAKOVSKY, Die Gliederung der Kaulome, Bot. Ztg 59, 1901, p. 79.

?) AL. BraUN, Tannenzapfen, Nova Acta 15, 1, 1831, see p. 347.

3) W. ZIMMERMANN, Die Phylogenie der Pflanzen, Jena 1930; see p. 65.
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or in any position on the leaves (all recent Pteridophytes); the last con-
dition seemstohavebeen present from the beginning of land vegetation, as
of late it has been reported by LanG and Cookson 1) for Baragwanathia
longifolia.

Sporangia borne on microphylls are usually inserted on the adaxial leaf
side; see moreover § 8 sub A III; those on megaphylls are usually placed on
the abaxial side or on the margins, see § 8 sub B III.

Every sporangium consists of a pluricellular sterile wall within which an
archesporium develops the spores in a smaller or greater number. In only
a few cases is a central sterile columella present (Hornea, Sporogonites) at
the basal part of the sporangium, being overarched by the dome-shaped
spore mass. The organization of the different parts of the sporangial wall
shows a great range of variation in the different groups; the taxonomy has
to a certain extent been based on these differences, especially of the outer
layers.

These outer layers often show complicated differentiations of various
kinds, the function of which is the dehiscence of the sporangium. Amongst
these the annulus, a complex of cells with partly thickened walls, may be
cited. The inner layers have a nutritive function for the developing spores
and are called the tapetum.

The sporangia of Pteridophytes are often produced in great numbers,
and may be arranged in groups, called sori (see § 8 sub B III). The sporan-
gia of a sorus may fuse into a unit of higher order, the plurilocular synan-
gium; this seems to have already occurred in the Silurian age (Yarravia?)).

Another differentiation of the sporangium amounts to the development
of two kinds of sporangia in one and the same plant species; kinds differing
in that from the spores of the one only male gametophytes arise and from
the other, females. These two kinds are called microsporangia and mega-
sporangia, and their spores microspores and megaspores.

The micro- and megasporangia may be of the same organization
(Selaginella) or they may be different (Azolla). Their spores differ in all
known cases notably in size, as is indicated by the names; it has however
been pointed out of late (see e.g. PINCHER %)) that such a difference is not
essential for the phenomenon of heterospory.

§ 7. The root. — As remarked in § 2, the root does not occur in all
Pteridophytes: it is lacking in the Psilophytinae, in the Psilotinae and in
Salvinia. In the latter case its absence has always been recognized as

1y W. H. Lang and I. S. CooksoN, On a flora including vascular land plants,
associated with Monograptus, in rocks of Silurian age, from Victoria, Australia,
Phil. Trans. Roy. Soc. London, B, 224, 1935, p. 421.

?) LaNG and CooksoN, l.c. p. 437.

3) H. C. PINCHER, A genetical interpretation of the origin of heterospory and
related conditions, New Phyt. 34, 1935, p. 409. '
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being of a secondary nature, connected with the occurrence of the dissected
submerged leaves with root function.

In the Pstlophytinae on the other hand it is generally considered as being
the primitive condition. In the Psilotinae it was formerly often suspected of
being secondary, especially as the embryo long remained unknown and of
course the embryo might have passed through a rooted stage. Since the
discovery of the quite rootless embryos both of Tmesipteris?) and of
Psilotum 2) and the simultaneous acquisition of knowledge of the Psilo-
phytinae, the general view is that roots probably never have been present
in the ancestors of the Ps¢lotinae.

The roots, where present, are always of a little varying organization.
They grow by a vegetative cone much like the stem, a cone which however
is covered by a calyptra or root-cap. They are cylindrical, never develop
leaves and as a rule develop root-hairs, a feature which is rare in stems
(Rhynia, Hornea, Psilotum, rhizomes, Trichomanes, runners and some-
times other stems too, Psaronius, stem after leaf fall) and which is still
more rare in leaves (petioles and leaf under-surface of Trichomanes Hilde-
brandtii 3)).

Roots arising endogenously on the stem are formed in contact with
the vascular tissue strands. Their distribution therefore in some cases may
show a certain correspondence to that of the leaf traces 4).

From the point of origin they make their way out in various directions,
running sometimes through the stem tissues over considerable distances
(Lycopodium, basipetal course, Angiopteris, geotropical course 9)).

Roots may be formed in some cases on leaves too.

The root may branch dichotomously (Isoetes, Selaginella, usually in Ly-
copodium, sometimes in Ophioglossum 8)) or laterally (Equisetum, Filicinae).

1) A. ANSTRUTHER LAawsoN, The prothallus of Twmesipteris tannensis, Trans.
Roy. Soc. Edinb. 51, 1917, p. 785, and: The gametophyte generation of the Psilo-
taceae, ibid. p. 93.

2) G. P. DARNELL SMITH, The gametophyte of Psilotum, Trans. Roy. Soc. Edinb.
52, 1918, p. 79.

3) ENGLER & PRANTL, op.c. p. 98.

4) J. P. Lacumann, Contributions a I'histoire naturelle de la racine des Fougéres,
Ann. Soc. Botan. de Lyon, 16, Notes et Mémoires, 1889, p. 1, see p. 23; J. C. ScrOU-
TE, On the foliar origin of the internal stelar structure of the Marattiaceae, Rec.
trav. bot. néerl. 23, 1926, p. 269, see p. 287, 288.

5) R. F. SHOVE, On the structure of the stem of Angiopteris evecta, Ann. of
Bot. 14, 1900, p. 497, see p. 506.

¢) HIRMER makes mention of dichotomous branching of the roots of Asterocala-
mites scvobiculatus (op.c. p. 377), without quoting his source. Perhaps this source
has been D. STUR, who describes his Archacocalamites vadiatus as “radices irregu-
lariter dichotomas emittens’ (op.c. f.n. p. 19, p. 2).The figures (Pl. 1, fig. 3-5) as well
as the further description of the text p. § are far from convincing: in the text it is
expressly stated that the branching is not so regular nor so symmetrical as that of
the leaves. So the question must remain unsettled.
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The successive dichotomies may follow rectangularly (Selaginellal),
usually in Lycopodium %)) or occasionally in the same plane (Lycopodium 2)).

Transitions between dichotomy and lateral branching may occur; in
Lycopodium branches arising at the apex but being smaller may be decided-
ly lateral; their arrangement may approach aregular one when the branches
follow more or less in a 15 or ¥/ spiral, or in opposed pairs which themselves
may be alternate or superposed 2).

In Equisetum and in the Filicinae lateral roots arise endogenously;
they are arranged in orthostichies, as their origin is confined to the presence
of the vascular strands in the mother root.

The first root of the embryo usually is formed exogenously, in various
positions, not always opposite the first leaf. Later roots nearly always
arise endogenously, but in Phylloglossum also these are exogenous 3). This
difference of origin might be taken as a reason for distinguishing between
a main root and adventitious roots, a practice which is sometimes followed,
e.g. by VELENOVSKY %). Most authors however do not make much of the
difference; perhaps on account of the repeated assertion of HOFMEISTER
that Pteridophytes have no main root ?), or perhaps from GOEBEL’s con-
sideration ), that a true main root should show secondary growth. In any
case exogenous and endogenous roots are of exactly thesame morphologic-
al description so that the distinction seems of little or no importance.

A phylogenetic origin of the root from a specialized kind of stem,
differentiated for absorption and attachment purposes, has always been
more or less probable 7). Of such a differentiation we know many instances:
the rhizomes of so many Pteridophytes, being only slightly modified subter-
ranean stems, the rhizophore (see § 11 sub 2), the stigmarian axis (§ 11 sub
3) and finally the peculiar leafless runners of T7ichomanes. These last
dichotomously branching organs attach the plant to the substratum and
have an absorptive function; they develop root hairs, but lack a calyptra.
They fully replace the roots which are either entirely wanting (most spp. of
T. sect. Hemiphlebium) or are rarely formed (7. muscoides ¥)).

1) C. NAgeL! und H. LE1TGEB, Entstehung und Wachsthum der Wurzeln, Bei-
trage zur wiss. Botan. von C. NAGELI, 4. Heft, 1868, p. 73, see p. 128.

?) NAGeLI und LEITGEB, lc. 1868, p. 117.

3) F. O. BowWER, On the development and morphology of Phylloglossum Dyrum-
mondit, Phil. Trans. 1885, no. 238 p. 665.

1) VELENOVSKY, op.c. p. 266.

3) HOFMEISTER, op.c. (f.n. p. 2), passim.

%) GoOEBEL, op.c. (f.n. p. 3), p. 1145.

?) Poroni¥, struck by the leaf-like characters of the stigmarian rootlets, sug-
gested (H. Poronig, Grundlinien der Pflanzen-morphologie im Lichte der Palaeon-
tologie, Jena 1912, on p. 233), that all roots might be metamorph leaves. At present
such a view is not likely to find supporters.

8) ENGLER & PrRANTL l.c. p. 98.
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It is not surprising therefore that LIGNIER in 1908 clearly expressed the
view 1) that roots are the oldest kind of rhizomes; it was however only
several years later that this view was supported by direct fossil evidence,
by the discovery of the Psilophytinae. In 1921 KipstoN and LANG derived
the roots from rhizome systems in Rhynia and in Asteroxylon 2) and this
derivation again was much strengthened by the discovery of Asteroxylon
elberfeldense in which KRAUSEL and WEYLAND observed root-like rhizome
branches, differing from the other rhizomes of the plant 3).

§ 8. The leaf (sterile leaf and sporophyll). — In the different groups
of Algae a differentiation between a special photosynthetic and usually
flat part and a supporting and usually cylindrical part has evidently
occurred several times. In the Pteridophytic sporophyte a successful
differentiation of such a kind is nowadays generally assumed to have at
least arisen twice, so that the leaves in this phylum are taken to be of a
diphyletic origin. VELENOVSKY even distinguished between four leaf
categories 4), those of the Articulatae, Lycopodiinae, Isoetinae and Fili-
cinae, but this view has not been confirmed since.

The two kinds of leaves are usually designated as microphylls (or
Thursophyton leaves of BOWER %)) and megaphylls (or cladode leaves of
BoweRr ¢)). The latter are the leaves of the Filicinae and perhaps part of the
leaves of the Cladoxylinae, while the leaves of all other Pteridophyte
classes are usually taken together as microphylls.

In the present chapter the distinction will be accepted in this form,
notwithstanding the fact that Lady ISABEL BROWNE in a recent paper *)
questions the microphylly of the Arficulatae and Psilotinae, mainly on
account of the fact that some old forms, more or less related to these
classes, had relatively large and forking leaves.

Though granting that our knowledge of the actual phylogeny is in-

') O. LiGNIER, Essai sur I'évolution morphologique du régne végétal, C. R. du
Congreés de Clermont Ferrand de I’Assoc. frang. 1908, reprinted in 1911 in: Bull.
Soc. Linn. Normandie, 6th ser., 3, p. 35 and especially p. 41.

) R. KipstoN and W. H. LANG, On old red sandstone plants showing structure,
from the Rhynie chert bed, Aberdeenshire, Part 4, Restorations of the vascular
cryptogams, and dicussion of their bearing on the general morphology of the
Pteridophyta and the origin of the organisation of land-plants, Trans. Roy. Soc.
Edinb. 52, 1921, p. 831.

3) R. KrAUsSeL und H. WEvLaND, Beitrige zur Kenntnis der Devonflora II,
Abh. d. Senckenberg. Naturf. Ges. 40, 1926, p. 115.

4) VELENOVSKY, op.c. p. 184.

%) BOWER, op.c. (f.n. p. 3), p. 552.

%) BoweERr, op.c. p. 550.

) Lady I. M. P. BROWNE, Some views on the morphology and phylogeny of the
leafy vascular sporophyte, Botanical Review 1, 1935, p- 383, 427; see p. 440.
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sufficient to settle the question directly, I believe that many facts point to
the correctness of the usual view. The following general treatment
of the leaves of Psilophytinae, Lycopodiinae, Psilotinae and Articulatae
may show this, and moreover I might point to § 5 in which we saw that
an important difference is found between the leaf categories so defined,
in their relation to the stem branching.

A. The microphyll.

I. Phylogenetic origin. According to our present knowledge
the microphylls are the oldest. At least in Baragwanathia from the Silurian
the microphyll is represented as clearly as in any later form, being a
long, simple, lax leaf already ocurring in two forms, sterile and as a
sporophyll with a reniform sporangium on its adaxial side.

According to a generally accepted and indeed very plausible supposition
the microphyll has been developed as an emergence, or as BOWER expresses
it, an enation. Whether this enation from the beginning was dorsiventral,
with a different organization of the abaxial and the adaxial side, is un-
known. In any case all known microphylls are always dorsiventral.

When they are formed as parts of a dorsiventral shoot, their right and
left sides moreover may grow out differently, so that falcate and other
asymmetrical forms ensue (Selaginella spp.).

In the oldest forms, the micropbyll is quite simple without any incisions
or any special parts. In many of the microphyllous groups it has remained
so up to the present day, e.g. in Lycopodium. In other groups complications
in shape have arisen; they will be dealt with separately for the sterile leaf
and the sporophyll.

I. The sterile microphyll. Usually the microphyll is
entire, without any lobing or dissection. In rare cases the margins may be
provided with small teeth (Selaginella) or even may become in this way
pinnatifid (Selaginella Lyallii, abnormal leaves, see BRUCHMANN 1)).

The microphyll however may become complicated by the occurrence of a
dichotomous division. One forking occurs in Profolepidodendron and in
many Sphenophyllum leaves, while other Sph. spp. have two or three
forkings in their leaves; Asterocalamites has three or more. In Pseudobornia
the leaf on the same basis has become flabellate, every longlobe being finely
pinnately dissected.

In a number of related forms, known as the Lycopodiinae ligulatae and
the Isoetinae, the leaf adaxially produces near its insertion a special laminar
outgrowth, the ligule, usually inserted by a comparatively stout foot, the
glossopodium, in a definite socket, the ligular pit. Other differentiations
are rare. Stipules never occur and a sheath is seldom formed (Isoefes).

III. The fertile microphyll. In the sporophyll we meet

1) H. BRUCHMANN, Von den Vegetationsorganen der Selaginella Lyallii Spring,
Flora 99, 1909, p. 436.
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with the same differentiations as in the sterile leaves and of course also
with the sporangia and eventually with their stalks.

The sporangia always or nearly always are borne on the adaxial side
of the sporophyll, near its insertion on the stem: a single sporangium
moreover being nearly always sessile (Baragwanathia, Lycopodium, Se-
laginella), seldom stalked (Sphenophyllum angustifolium). When a ligule is
present in a sporophyll, the sporangium invariably is situated between axis
and ligule.

When there are more sporangia on one sporophyll they are seldom sessile
(Sphenophyllum majus), usually stalked, in which case the stalks may be
branched (Spenophyllum fertile) and every branch may either bear one
(Sphenophyllum Dawsoni) or two (Sph. fertile) or more sporangia, often four
(Cheirostrobus). In the case of two or more sporangia to one stalk branch
the latter tends to be terminally dilated, the sporangia pendent in a
symmetrical distribution from the basal side of the shield-like dilation.

Cases in which the sporangia or their stalks are not inserted on the
adaxial sporophyll side have been reported, but never satisfactorily proved
to exist.

The best known case is that of Sphenophyllum fertile where the sporo-
phyll, after Scott, consisted of two fertile storeys of two sporangium-
bearing stalks each. Quite recently LECLERCQ 1) however, was able to show
that the sporophyll of Sp. fertile as in all other species possessed an abaxial
sterile part and a number of fertile sporangium-bearing stalks.

A second case is that of Pleuromeia where an abaxial position of the
sporangium was supposed to occur by SoLMs-LAUBACH %). However in the
chapter by WaLTON and ALSTON on Lycopoditnae in this Manual the
statement has been called in question on good arguments 3).

The union of one or more sporangia to a microphyll has often given rise
to comment in literature. The botanists of the first half of the nineteenth
century contented themselves with a comparison with the Ophioglossum
sporophyll, as may be read in full in SoLMs-LAUBACH’s paper on Psilo-
tum ). By reduction this Ophioglossum sporophyll might have led to the

) Suz. LECLERCQ, Sur la structure réelle de Sphenophyliostachys fertile Scott,
Proc. Int. Bot. Congr. I, 1936 p. 234.

?) H. GRAF zU SoLMS-LAUBACH, Uber das Genus Pleuromeia, Bot. Ztg, 57, 1899,
p- 227, see p. 239.

%) HIrRMER has tried to explain this supposed abaxial sporangium position (M.
HirMER, Rekonstruktion von Pleuromeia Sternbergi Corda, nebst Bemerkungen
zur Morphologie der Lycopodiales, Palaeontographica 78 B, 1933, p. 47) by fan-
cying an original form with a belt of sporangia all around the sporophyll; by re-
duction in the belt the normal case of Lycopodium as well as the case of Pleuromeia
might have arisen.

1) H. Graf zu SoLms-LAuBAcH, Der Aufbau des Stockes von Psilotum triguetrum
und dessen Entwicklung aus der Brutknospe, Ann. d. Buitenzorg 4, 1884. p. 139.
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condition of Pstlotum, and by further reduction to the condition of Lyco-
podium. Even if such a “backward” view were still considered to be
satisfactory, we should have to object that it implies a comparison between
megaphylls and microphylls.

The question became especially interesting when the Psilophytinae
seemed to prove that sporangia originally had been only borne on stems,
terminally. With the hope of solving this problem, BOWER enounced his
collocation theory 1), claiming that for every sporophyll a union must have
taken place between a Thursophyton-leaf and a Hostimella-branch, i.e. a
stem with a terminal sporangium.

This conception hardly needs a detailed discussion. The improbability
that, in plants where axillary branching is unknown, one single branch
should arise exactly above every single leaf, without ever even betraying
itself by teratological cases, is such that we must discard the idea alto-
gether.

Moreover the discovery of Baragwanathia and Yarravia makes all such
explanations superfluous. The original land flora did not only consist of
leafless plants with terminal sporangia; there is no objection to supposing
that the Pteridophyte sporangia originally were produced all over the
plant, as in the Laminariaceae, where the sporangia are formed on the
stalk and holdfast as well as on the frond.

The terminal group of sporangia in Yarravia and the single terminal
sporangia of RAynia may both represent original arrangements, but the
leaf-borne sporangia of Baragwanathia have the same claim to originality.

The same view, that every sporophyll should owe its origin to the union
of a leaf and a branch, has been upheld with much more stress and on the
basis of quite different fossil evidence in the case of the Articulatae.
Especially dn this plant group do we meet with the stalked sporangia;
and these stalks, often termed sporangiophores, have been considered as of
a cauline nature by several botanists.

Not by all however. The foliar nature of the Equisetum sporophyll has
been strongly emphasized by one of the best investigators of the Equiseta,
MiLDE 2). From his extensive and excellent observations on the transitional
forms between the sheath leaves and the annulus teeth, and between these
teeth and the sporophylls, MiLDE arrived at the firm conviction that sheath
leaf, annulus tooth and sporophyll are all homologous organs. And as the
Equisetum sporophyll consists of one single sporangiophore, the latter must
be of a foliar nature too.

Starting independently from the same facts GOEBEL %) also came to the
conclusion that the homology of leaf and sporangiophore in Equisetum is

1) BOWER, op.c. (f.n. p. 3), p. 598.
?) J. MiLpE, Monographia Equisetorum, Nova Acta 32, 2, 1867; especially p. 164
3) GOEBEL, op.c. (f.n. p. 3), p. 1108.

Manual of Pteridology 3
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so obvious that the assumption of an axial nature for the latter isuntenable.
As he rightly remarks, what can be stated with certainty in living plants
is not to be doubted on the basis of much less known fossils. This view of
GOEBEL is the more remarkable as he belonged to the zealous defenders of
the axial nature of the Psilotum sporophyll.

The supporters of the axial nature of the sporangiophores are especially
Bower?) and BROWNE 2); the arguments of both authors are entirely
taken from the domain of phyllotaxis. We shall therefore postpone their
discussion until we come to the microphyll phyllotaxis, sub IV; here I will
only remark that our conclusion will be that the facts of phyllotaxis are
not such as to require an axial sporangiophore nature. In the present
paper all these complex sporophyll structures of the Articulatae will
therefore be taken as real sporophylls; for Psilotum see § 11 sub 1.

The sporophyll may become forked or by repeated dichotomy more-lobed
in the same way as the sterile microphyll; this occurs in Pstlotum, Spheno-
phyllumandin Cheirostrobus ; in the latter case the sporophyll isremarkably
divided into three equal collateral parts, a curious deviation from the
normal two, four or eight of dichotomous branching.

The collateral dedoublement of the sporophyll may equally well pertain
to the sporangiophore ; we may therefore have two or more sporangiophores
as an upper storey over two or more sterile lobes (Cheirostrobus). In liter-
ature this division into two storeys is usually designated as a serial division,
following in this respect the example of ZEILLER3). See for instance
Scott %) and especially HIRMER %). Another explanation is that the under
sterile and the upper fertile lobes should represent different phyllomes; a
view especially advocated by TRoLL ).

As far as I can see either explanation is equally unnecessary, as we may
simply consider it as an elaboration of the sporophyll (the under lobe)
with its sporangium (the upper lobe). This view is not at all new, as it
has been discussed by many authors, see e.g. SEWARD 7?); but it has mostly
been discarded on account of the complex organization and structure of
the sporangiophore, and of its likeness to the Equisetum sporophyll.

For Equisetum the above view does not present any difficulty, as we may

') F. O. BowkR, The origin of a land-flora, London 1908, see p. 383.

) Lady I. M. P. BROWNE, A new theory of the morphology of the Calamarian
cone, Annals of Bot. 41, 1927, p. 301.

%) R. ZeiLLER, Etude sur la constitution de l'appareil fructificateur des Sphé-
nophyllum, Mém. Soc. géol. de France, Paléont. 1893, p. 3.

) D. H. Scorrt, Studies in fossil botany, 3rd ed. I, 1920, see p. 99.

) M. HIRMER, Bemerkungen zur Theorie der serialen Spaltung der Blitter.
Eine Erwiderung an Herrn W. TroLL, Berichte D. bot. Ges. 51, 1933, p. 127.

¢ W. TroLL, Zur Deutung des Bliitenbaues fossiler Articulatales, Ibid. p 21.

7} A. C. SEwaRrD, Fossil plants, I, Cambridge 1898, see p. 405.
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easily conceive how the sporophyll in these plants may have been reduced
to the single sporangiophore ).

Finally the sporophyll of microphyllous plants may develop some special
parts besides the sporangium and sporangiophore, in connection with the
formation of a strobilus or even with the formation of seeds.

In some forms (Selaginella?), Lepidostrobus, Spencerites, Chetrostrobus) at
the transition between the horizontal and the vertical tegumentary
part of the sterile lobes a downward extending rim or knob may be
present, the function of which is obviously the ensurance of an accurate
fitting and closing of the strobilus parts in the bud condition.

In other forms where the seed habit wasattained, a membrane was formed
from the adaxial side of the sporophyll, more or less enveloping the
megasporangium, and even sometimes (Lepidocarpon) in the microsporo-
phyll, enveloping the microsporangium likewise. These membranes usually
are designated as indusia.

IV. Phyllotaxis. Probably no fact has contributed more to the
inclusion of microphyls and megaphylls in one single category of leaves
than the regular phyllotaxis both often display. This regular arrangement
must have been present very early during the phylogeny, as in Barag-
wanathia the parastichies, though not quite regular, are yet very con-
spicuous 3). It is however quite possible that in other early or in still
earlier forms the microphylls have been distributed irregularly, like many
hairs.

The study of recent microphyllous Pteridophytes clearly reveals the fact
that their leaves display exactly the same phyllotactical phenomena as the
megaphylls in the Filicinae and in Spermophytes; evidently the so-called
law of HOFMEISTER governs the phenomena in both. Yet there is this
difference, that the phyllotactical patterns of the so-called main series
whose parastichies occur in numbers belonging to the series 1, 1, 2, 3, 5 etc.,
are not nearly so frequent in microphyllous plants as e.g. in Conifers. This
is due to the action of at least two disturbing factors, namely the dichot-
omy of the stem and the false whorl formation.

Where these factors are absent, systems of the main series may be
found in perfect regularity, for instance in Isoetes 4).

1) The strobili of Calamostachys and its allies are sometimes believed to display
analogous phenomena of serial splitting; for literature see BROWNE l.c. 1927, p. 310
and especially HIRMER 1933 l.c.

In the discussion on phyllotaxis I hope to make clear why this view is not to be
accepted, as the superposed parts in these strobili belong to different phyllomes.

?) M. G. Svykes and W. StiLes, The cones of the genus Selaginella, Ann. of
Bot. 24, 1910, p. 523.

) Lanc and Cookson, l.c. (f.n. p. 27), fig. 6, 12, 14.

4) Jomanna LIEBIG, Erganzungen zur Entwicklungsgeschichte von Isoefes
lacustre L., Flora 125, 1931, p. 321, see p. 335.
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In a dichotomizing stem, however, only low systems of the main series,
with low parastichy numbers, may occur regularly, as the following
reasoning may show. In a vegetative cone where the young leaf primordia
(or, according to my theory of phyllotaxis ), the dispersion circles) at the
time of the determination of the next higher ones have a relative bulk
(expressed in the stem circumference as unit) of between 0.50 and 0.58, no
other phyllotactical systems are possible but a system 1 ++ 2, a low member
of the main series.

From such a system higher members of the main series may be elaborated
by a gradually diminishing bulk relation %), and this is what occurs in
Isoetes. However as soon as a stem dichotomizes, the new systems of the
two shanks are only partly the continuation of that of the podium; they
are completed at the sides facing each other on a new and more or less
horizontal base. When in the shanks the bulk relation happens to fall
between 0.50 and 0.58, the new systems must be of the main series. When
the bulk relation is smaller, the new systems can only belong to the main
series when the supplementory part of the system is erected on a basis
of the required obliquity; this not being the case it is not difficult to prove
that the new system will be such a one in which the two sets of determining
parastichies have a tendency to differ less in number than they do in the

main series.
This proof may be given as follows. Let a and b in fig. 74 be two leaf centres,
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Fic. 7. A = part of a phyllotactical system. “Basal line”’ fully drawn, lines from
determining to determined leaves dotted. B,C,D = regular systems 3 + 3, 3 4 4
and 3 4 5.
determining together the place of a third leaf d. We know that b at the other side
cooperates with a third leaf ¢ in determining the place of of a fifth leaf ¢, etc. Now

1) J. C. ScHOUTE, Beitrage zur Blattstellungstheorie. I, Die Theorie, Rec. trav.
bot. néerl. 10, 1913, p. 153.
2) ScHOUTE 1913, L.c. p. 247.
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we may call the line passing through the centres a, b and ¢ a basal line; it is clear
that we may extend such a line around the stem. For a realization of a whorled
phyllotaxis it is required that the basal line on being continued from ¢ to the right,
again abuts on a. (7B) When it leads to d, the system is of the form n + (n 4 1)
asin 7C, etc. In fig. 7B-D three regular systems have been drawn, 3 4+ 3,3 4+ 4 and
3 + 5, each with its basal line.

Supposing now that in each of these three systems a certain part is taken away
and replaced by a new part, built up on a horizontal base, it is obvious that all
three will be likely to change into another system, but it is at the same time clear
that in the new systems the basal lines will be inclined to be more or less horizontal,
or in other terms will have determining parastichies whose numbers are not very
different.

This theoretical conclusion is borne out by the facts to a large extent. Dichoto-
mizing stems occur in:

Asteroxylon. Little of its phyllotaxis is known, but the only instance known to me
in which it is possible to determine it from a photograph ), is that of a system
7 + 8, a very rare system for non-dichotomizing plants.

Psilotum triquetrum. The main axis of the aerial shoots has an irregular phyllo-
taxis, the thin terminal branches have systems 1 4 2.

Lycopodium Selago. According to AL. BRAUN ?) very young plants have 3/,. In six
plantlets grown from bulbils I observed low systems of the main series. Adult
specimens on the contrary are stated by BRAUN %) to have the systems 3 -+ 4,
4+ 4,44 5,5+ S5and 5 4 6, all either systems of the form 2/, 2/,, ?/,, or whorled
systems.

Lycopodium spp. In adult specimens the conditions usually are as in L. Selago;
for L. clavatum BRAUN 3) mentions all similar systems from 4 4+ 4 up to 8 + 9.

My own observations in some species showed the following results. No other
systems were observed butn + n, n + (n 4 1) and n 4 (n + 2), the last always
being very rare. Of the former two the whorled systems often prevailed, especially
in the thinner branches. Often in a shank the system was subject to one or more
changes; in these cases there was no predilection to be found for changes towards a
whorled condition ). A discussion whether the whorled or the spiral condition is

) On P15, fig. 25, in KipsToN and LANG, l.c. 1921 (f.n. p. 30).
?) AL. Braunw 1831, l.c. (f.n. p. 26), p. 277.
) AL. Braun 1831, l.c. p. 338.

4) My own observations pertained to L. carinatum, dichotomum, Hippuris and
Phlegmaria. From one or more shoots the phyllotaxis was determined in all
branches, all changes in system of the shanks being recorded ; the results are plotted
in the two following tables:

) Number of Phyllotactical systems Lowest Highest
Species observed svstem svstem
shanks n4n ‘n-l— (n—i—l)‘n—}— (n+42) ¥y y
carinatum . . 89 51 30 — 242 414
dichotomum . 31 40 33 2 5+5 13413
Hippuris . . . 27 28 16 1 445 7+38
Phlegmaria . . 51 40 11 — 242 445
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primitive in Lycopodium as may be found in BRONGNIART !) and in SPRING 2), in
view of such facts seems to be without any foundation; both the spiral and the
whorled systems are incidental consequences of space relations, without any govern-
ing principles of their own. Both alike are original patterns and the whorled systems,
in striking contrast with nearly all other whorls, are true whorls.

Selaginella. In the common dorsiventral species the phyllotaxis, though subject
to horizontal shifts in connection with the dorsiventrality and often to longitudinal
shifts too, is essentially decussate. In some radial species conditions are quite
different. BRAUN writes about them 3): “Nur wenige Selaginellen zeigen complicir-
tere Blattstellungsverhaltnisse, . ... Sel. rupestris zeigt an den vegetativen Spros-
sen 3/g oder %/,;, in denAehren dagegen das gewdhnliche vierzeilige Verhalten; Sel.
spinulosa dagegen zeigt in allen Theilen complicirte Spiralstellungen oder compli-
cirte Abwechslungsverhiltnisse von Quirlen und bewegt sich dabei in einem nicht
minder weiten Spielraume als manche Lycopodien’’.

Lepidodendron. Our knowledge of the phyllotaxis of the Lepidodendron stems is
only scanty; a determination of the parastichies round the stem is usually im-
possible as loose parts of the stem surface are the common material.

In view of this difficulty STur devised a method ¢) of determining a phyllo-
tactical pattern from such loose surface parts. Though he thought he had obtained
good results, his numerous observations are all worthless, as their basis, the de-
termination of the orthostichies, was necessarily unsatisfactory. The only reason
why he did not become aware of the unreliability was that he started from the
preconceived idea that only patterns of the main series or its jugate forms were
possible.

The only satisfactory determinations I know of have been made by DICKSON on
15 specimens which he was fortunate enough to obtain with the parastichies round
the stem ). Three of these objects showed patterns of the main series: 8 + 13 + 21;
13 + 21 + 34; 55 4 89; five cases were conjugated systems of the same, namely
one bijugate 16 + 26, two trijugate 15 + 24, 15 4 24; one quinquejugate 15 + 25,
one septemjugate 35 4+ 56 4 91; one was of the first accessory series 18 + 29 + 47,
two of the second accessory series, both 14 + 23, and four of three further anoma-
lous series 6 4 11 ++ 17; 12 + 19 4 31; 13 4 23; 36 4 59.

As nothing is known about the lower part of the observed stem pieces these
may have been main stems which had not yet forked. In that case we might expect
patterns of the main series and perhaps, as most of the cases seem to be, irregular
degenerations of that series. There was however one amongst the 15 specimens

Changes in phyllotactical system from

spiral whorl whorl spiral spiral to n+4(n+2)n+(n42)
Species to next | to next | to next | to next n?}—(n +2) to next | to next

whorl spiral whorl spiral spiral whorl
carinatum 7 — — — — —
dichotomum 18 21 2 1 1 — 1
Hippuris 9 6 4 — — 1 —
Phlegmaria 2 3 — — — — —
Total 36 31 6 1 T 1 1

1) Ap. BRONGNIART, op.c. II, (f.n. p. 9), p. 10.

2) A. SPRING, Monographie de la famille des Lycopodiacées, I, Mém. de l’acad.
roy. de Belgique 15, 1841; do do II, ibid. 24, 1848; see II, p. 303.

3) AL. BRaUN 1874, l.c. (f.n. p. 16), p. 61.

%) STUR, Lc. (f.n. p. 19), p. 342 (236)-368 (262).

%) AL. DicksoN, On the phyllotaxis of Lepidodendron, Transactions of the Bo-

tanical Society 11, Edinburgh, 1873, p. 145.
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which bore a lateral branch; this branch had a pattern 8 + 13. The latter case
evidently is against our theoretical view.

Sigillavia. Here again we have numerous but worthless observations by STur 1)
and moreover numerous determinations by NAUMANN ?) and -by GOLDENBERG 3)
who both tried a variation of STUR’s method by the so-called “quincunx’’ method;
a method which is as bad as the other. This judgment has already been enounced, in
a very polite but nevertheless determined way, by AL. BRAUN 4) to whom Prof.
BronN had sent NAUMANN's paper to report upon. For us BRAUN’s paper is note-
worthly as he added a positive contribution to his criticism, an observation on a
stem piece of S. Coriei or S. mamillaris, in which the pattern successively changed
from 42 + 43 into 43 4 43 and further into 43 4 44; being high systems of the
kind mentioned above.

We might now ask reversely whether there are any plants with the same peculiar
systems n + n and n 4 (n + 1) without dichotomous branching. As far as I
know; such plants are not on record. The only case perhaps might have been
given by Asterochlaena laxa where BERTRAND %) determined the phyllotaxis in
three stem pieces as 10 4 11, 10 + 10 and 11 +4 11. The mode of branching is
unknown but as the longest stem piece on record is not yet twice its diameter in
length, the supposition that the stem branched dichotomously as in the related
Coenopteridineae is not very risky.

So we see, that the facts, as far as available, on the whole point towards
the correctness of the theoretical view given above about the relation be-
tween dichotomic branching and phyllotaxis. The facts relatedin § 5, p. 17
sub / tend to support the same view. As all lateral bulbils treated there may
be compared to shanks in very unequal dichotomies, we may expect that
the phyllotaxis of the podium will be continued on the large shank with
only a small interruption at the side of the small shank; over this inter-
ruption the system will soon close up again, and may do so in the same
pattern as was present in the podium. In such a way it becomes clear why
at the place of insertion of the small shank only one or two leaves of the
system are lacking and, moreover, why a number of bulbils tends to disturb
the phyllotaxis entirely. :

As the other disturbing factor for phyllotaxis I mentioned the false
whorl formation. Like the leaves in so many megaphyllous plants, the
microphylls too may become secondarily connected so as to form whorls.
This process has to be taken as an ontogenetic one, as it is brought about

1) Sturl.c. p. 400 (294).

®) C.F.NaumanN, Uber den Quincunx, als Gesetz der Blattstellung bei Sigillaria
und Lepidodendrum, Neues Jahrbuch fiir Miner., Geogn., Geol. und Petrefakten-
kunde, herausg. von voN LEoNHARD und BRONN, 1842, p. 410; C. F. NAUMANN,
Ueber den Quincunx als Grundgesetz der Blattstellung vieler Pflanzen, Dresden
und Leipzig 1845; a third paper in Poggendorff’ Annalen is alluded to by the author
but not quoted.

3) F. GOLDENBERG, l.c. (f.n. p. 12), Heft 2 p. 2.

4 AL. Braun, Uber die Blattstellung der Gewéchse, mit Beziehung auf die fos-
silen Formen und die vorangehende Abhandlung, same place as the first paper by
NAUMANN, p. 418.

) P. BERTRAND, Structure des stipes d’Asterochlaena laxa Stenzel, Mém. Soc.
Géol. du Nord, 7, 1911, p. 5.



40 J. C. SCHOUTE, MORPHOLOGY

by metatopies, i.e. by shifts and one-sided extensions of the developing
primordia or even of the still invisible preliminary stages.

In the Articulatae the phenomenon occurs on a large scale, and is of
taxonomic interest. It is attended by a strong lateral binding of the
neighbouring leaves in the whorl, as becomes obvious from the strong
torsion to be observed in the rare cases of “Zwangsdrehungen” ). Two
successive whorls have a certain tendency to isomery, though, especially
in polymerous shoots, the numbers are hardly ever identical.

Successive whorls usually show a certain spatial relation of the members
of the one to those of the other. In Equisetum and in many other Articu-
latae this relation amounts to an alternation. In strictly isomerous whorls
the alternation is perfectly realized; in heteromerous whorls the rule is
adhered to as far as possible. When for instance a whorl of 10 members
follows on a whorl of 11, nine of the higher members alternate with the
lower whorl, the tenth lying exactly over a member of the lower whorl
with an unusually large space at both sides. Even in the torsion cases of
Equisetum we may observe the same imperfect mode of alternation of
successive windings of the spiral.

In Asterocalamites the relation is quite different; here superposition is
the rule. Yet we have an absolutely analogous solution of the difficulty
offered by the numerous deviations from strict isomery, especially in the
whorls with very high numbers of members; in such cases nearly all leaves
are placed exactly over leaves of the lower whorl, but for a number of
places, where one or a few members occupy an alternate or an intermediate
position.

It is exactly from these deviations from the rule that the false whorl
character may be concluded, as no true whorls could ever show such
phenomena; every departure from the isomerous condition in true whorls
must change the whole character of the system.

Alternation and superposition are not the only spatial relations of
microphyll whorls; in the case of junction of whorls consisting of different
organ categories, as may be observed in some strobili, more complicated
relations are sometimes realized. We find this in Calamostachys, where two
kinds of phyllomes, sporophylls and sterile scales %), both arranged in
whorls, follow in turn. The numbers in the successive whorls have no tend-
ency to isomery here, but the sporophyll whorls are nearly isomerous
among each other. The bract whorls, lying between the sporophyll whorls,
have about twice the number of scales each, or in other cases their normal

1) Already figured for Equisetum fluviatile by J. P. VAUCHER, in: Monographie
des Préles, Genéve 1822.

®) Usually called bracts, a very inappropriate name, as the term bract has a
strictly defined meaning in botanical morphology, namely of a subtending phyl-
lome, especially in inflorescences.
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number is one and a half that of the sporophyll whorls (C. magnae crucis).
These relations may be paralleled by the junction of a stamen whorl of ten
to a corolla of five, or by the junction of a dimerous gynoecium to a pen-
tamerous androecium.

Usually in these cases the sporophyll whorls in themselves are superposed
upon each other, whereas the scale whorls alternate amongst each other,
in such a way that when half of the members of one scale whorl alternate
with those of the lower sporophyll whorl, its other members being super-
posed to the same sporophyll whorl, the next scale whorl takes an inter-
mediate position, no scale being alternate to nor superposed to the
sporophylls.

All whorls in these remarkable cases only keep true to their normal
number in a general way, not in detail; deviations occur and bring about
unusual spatial relations locally. It is exactly from this lack of consistency
that we conclude that we must abandon the old view of ScorT, HICKLING
and BROWNE, in later papers rejected by both ScortT and BROWNE!), but
defended again emphatically by HIRMER 2), that “bracts” and “sporan-
giophores” should represent dorsal and ventral lobes of a phyllome, or as
HIRMER calls it a “Sporophyll-Einheit”. HIRMER tries to argue away the
importance of the abnormalities by distinguishing between the “prinzi-
pielle Organstellung” and the observed arrangement, affected by dis-
turbances; aset of natural suppositionsabout thereal processes determining
the organogeny, might, however, prove difficult to correlate with such a
view.

In Sphenophylium and in Cheirostrobus, which are often compared with
Calamostachys in this respect, conditions are quite different. Here a
sporophyll really may consist of a dorsal and a ventral lobe, as dealt with
above p. 34, and in such places where the successive whorls are hetero-
merous these two storeys always correspond.

Finally we may perhaps cite as a third factor disturbing phyllotaxis,
ridge formation, the arrangement of leaves in false orthostichies.

This phenomenon is strikingly developed in the Sigillariaceae, but
owing to the absence of sufficient data we can only point out its importance.

In phyllotactical respects it reminds one of the ridge formation in
Cactaceae. Whenever the pattern changes, existing orthostichies may be
discontinued or new ones may be intercalated. This is not only to be
observed in Sigillaria in the strobiliferous zones dealt with above in § 5
sub f, p. 20, but also in the basal parts of the stout stems, see for instance
the figure of S. laevigata as given by ZEILLER 3).

1) BROWNE, L.c. 1927 (f.n. p. 34), p. 304.
?) HirMER 1927, op. c. p. 471, 472.
3) R. ZEILLER, op.c. 1886 (f.n. p. 12). see Pl. 78, fig. 3.
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V.Kinds of microphyll plastics. Of course the sterile
and the fertile microphylls are already of different plastics; all Pterido-
phytes, only part of the Psilophytinae excepted, show this difference. Yet
the organization of the two kinds of leaves may be the same, but for the form-
ation of sporangia in the sporophylls (Lycopodium Selago). In other plants
the sterile and fertile leaves may be different in most respects (Equisetum).

Some Pteridophytes however have two kinds of sterile microphyll
plastics; some outstanding cases will be enumerated here.

Lycopodium Selago. In addition to the normal assimilating leaves there
are developed some very thick and fleshy leaves in the bulbils, containing
reserve materials.

L. volubile has a marked difference between the large falcate lateral
leaves, and the small linear upper and under leaves.

Selaginella subgen. Heterophylium. The small upper leaves and the large
under leaves are different in shape!?); the former turning their morphologic-
al under side towards the sky, the latter their upper side, their anatomical
organization too is often different (S. Martensit).

Lepidodendron and Sigillaria. If the view on the stigmarian rhizome, to
be defended in § 11, is to be confirmed, the stigmarian “rootlets’ are
nothing but metamorphosed leaves, widely diverging from the photosyn-
thetic normal leaves by their root-like apical growth, their root-like
anatomy and their root-function.

Sphenophyllum verticillatum and some other Sph. spp. have finely dis-
sected leaves in the lower parts of the plant, and simple cuneate leaves in
the higher parts.

Equisetum. Beyond the normal sheath leaves and the sporophylls,
Equisetum has a third form of leaves, the teeth of the annulus, being
transitional forms between the other two. Usually they are sterile, but in
the Equiseta cryptopora they mostly bear a sporangium at the inner side of
each tooth 2).

Amongst the fertile microphylls dimorphism does not seem to have been
developed, though of course, especially in monosporangeous sporophylls,
mega- and microsporophylls may be distinguished (Selaginella, Isoetes).

') SPRING (l.c. f.n. p. 38, II, p. 300) develops a remarkable theory on the polarity
of the Selaginella leaves,trying to demonstrate that every form property of an upper
leaf is the polar contrast of the same property of an under leaf. Without any doubt
his views are too sketchy; moreover the exposition of his views is far from clear.

The fact is that the right and left sides of any leaf, developing in different
positions with regard to the zygomorphy factors in the stem, differ in many re-
spects; so most leaves are eithér unequal-sided or falcate or both at the same time.
The position of the broad halves and the curvature of their midribs may be opposed
in the two kinds of leaves or they may be similar;fixed rules such as SPRING claimed
not being present.

%) MILDE, lc. (f.n. p. 33), p. 167.
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B. The megaphyll.

I. Phylogenetic origin. As the first author claiming the
development of the megaphyll from a specialized branch system LIGNIER
is usually cited !). The same view however has already been given ex-
pressively by HOFMEISTER in 1851 2) namely that the fern frond was a
branch system, its paleae being its leaves.

In 1916 HALLE was inclined to adopt LIGNIER’s view on account of his
observation of Lower Devonian forms 3), especially of Psilophyton Gold-
schmidtis, in which the lateral branch systems being already dorsiventral
seemed an approach to megaphylls, while the main stem and the basal
parts of the branches bore numerous small spines, the microphylls.

The subsequent discovery of Asteroxylon Mackier with its specialized
lateral branch systems and especially that of A. elberfeldense where these
systems were very clear, and, moreover, appeared to have circinate tips in
the young condition, strongly emphasized the correctness of the general
view, and the fact that in Asteroxylon the incipient megaphyll did not yet
display dorsiventrality only tends to corroborate it.

For it is clear that the original branch system may have been radially
symmetrical, and that the acquisition of dorsiventrality factors is to be
considered as an adaptation to the photosynthetic function.

Subsequent authors mostly accepted the same view: ScoTT %), KIDSTON
and LANG %), HIRMER ¢); only GOEBEL and ZIMMERMANN did not. GOEBEL
because he assumed the homology of all Pteridophytic leaves on account
of the results of comparative morphology of recent forms ), and ZiM-
MERMANN because he derives both forms of leaves in a hypothetical way
from a phylloid-complex, i.e. a sterile branch system; moreover he
ascribes microphylls to the Conifers and megaphylls to Sphenophylium 8).

The elaboration of the fern leaf from the Asferoxylon branch system
according to all authors has been accomplished by the following processes:
the acquisition of dorsiventrality factors; the gradually perfected ar-
rangement of all branches in a single plane, in connection with the dor-
siventrality; the development of a lamina by a flattening out of the
branches and by “webbing’’; finally by the gradual change of the original
dichotomous mode of branching into a monopodial branching habit.

1) LIGNIER, l.c. (f.n. p. 30).

?) HoOFMEISTER, op.c. (f.n. p. 2), p. 87.
3) T. G. HALLE, Lower devonian plants from Réragen in Norway, K. Svenska
Vet. Akad. Handl. 57, 1916, no. 1.

4) Scortr, op.c. (f.n. p. 34), p. 414.

%) KipstoN and LaNg, l.c. (f.n. p. 30), p. 673.

$) HirRMER 1927, op.c. p. 688.

") K. von GoeBEL, Organographie der Pflanzen, 2nd ed. II, Jena, 1915-'18, see
on p. 914; and op.c. 1930, p. 1045.

8) ZIMMERMANN op.c. (f.n. p. 26), p. 67.
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The last mentioned process is even lacking in many recent fern leaves
(Rhipidopteris, Schizaea) with their dichotomously branching veins; leaves
without a lamina are to be met with in many Coenopteridineae?); leaves
which though dorsiventral do not yet bear their different branches in one
single plane occur in the same group, Stauropteris being the best example;
a full discussion of these phenomena may be found in HIRMER 1).

HIRMER moreover expresses the view that serial splitting may also play
a role in the megaphyll, namely in the Ophioglossum sporophyll. There is
however no reason for such an assumption. The adaxial position of the
fertile part or parts in the Ophioglossaceae is usually explained by the
assumption of fusion of the lowest pair of pinnae, as has already been
enounced by ROEPER and defended by METTENIUS long ago; for quo-
tations see TROLL 2). It was CHRYSLER ?) especially who brought forward
good arguments in favour of this view.

TroLt rightly remarks that even a fusion of the two lowest pinnae is not
to be assumed in all cases, as the two rows of lateral pinnae of the common
leaf may be united by a basal curve at the adaxial side of the leaf, and a
single pinna in the middle of this curve exactly assumes the required
position 4.

The megaphylls of the Filicinae, even when formed in dorsiventral
shoots, do not seem to have ever acquired a notable asymmetry; at least no
examples have come to my knowledge.

II. The sterile megaphyll. Though the sterile leaf may
consist of a lamina only, a more or less clearly defined petiole is usually
present.

The lamina may sometimes be simple (Cyathea sinuata, Salvinia), but in
most cases it is compound, often being very finely dissected. It is further
customary to call the leaflets pinnae, and the terete parts rachis. Amongst
the compound leaves the pinnate up to multipinnate forms strongly
prevail; of other types the following may be instanced: the palmate leaf
(Hemiomitis palmata), the pedate leaf (Adiantum pedatum), the dichoto-
mously dissected leaf (Schizaea).

For details of the organization of the lamina and its venation the reader

') HIRMER 1927, op.c. p. 688.

®) W. Trort, Uber die Blattbildung der Ophioglossaceen, insbesondere von
Ophioglossum, Planta 19, 1933, p. 547.

3) M. A. CHRrYSLER, The nature of the fertile spike in the Ophioglossaceae, An-
nals of Bot. 24, 1910, p. 1.

4) In his masterly doctor’s thesis EICHLER describes (A. W. EicHLER, Zur Ent-
wickelungsgeschichte des Blattes mit besonderer Beriicksichtigung der Neben-
blatt-Bildungen, Inaug. Diss. Marburg 1861) the same condition of two lateral
rows of leaf-members, uniting basally by an adaxial “Transversalzone’’, such as he
observed in plants with peltate leaves and also in many others like Oxalis, Lupinus
and Geranium (op.c. p. 13).
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may be referred to the works of GOEBEL ') and BOWER 2); only a few points
may be mentioned here.

In the first place the remarkable apical growth of the lamina and its
pinnae may be mentioned, and the correlated circinate vernation of these
parts, characters which do not occur in microphylls and which may be due
to the phylogenetic origin of the megaphyll. This apical growth may even
be unlimited (Lygodium), or it may act periodically, in which case the
apical meristems may be protected by special leaflets, so that a kind of bud
is formed in the leaf organization (Gleichenia).

In the second place a remark on the venation. In many cases every vein
may be considered to represent a branch of the original branching system.
This is only possible however for the “open” venation without commissural
veins; in the “closed’”” venation and its elaboration, the reticulate venation,
the veins obviously have lost this homology with branches, or in other
terms, the morphogenetic forces inducing the veins are no longer modified
branch forming factors.

Besides a blade and a petiole, in some forms stipules (Marattiaceae) or a
sheath (Ophioglossum) may be present in the leaf; a ligule is never formed.
The last parts to be mentioned are the aphlebiae, leaflets of quite different
plastics from the other, normal leaflets. They often have a protective
function and formerly were usually designated as adventitious pinnae. In
accordance with the theory of the diphyletic origin of the Pteridophyte leaf
they have later been regarded as microphylls, borne on the megaphyll
(ScotT ), HIRMER 4)). No doubt however BOWER is right in contending %)
that though some of these aphlebiae may indeed be microphylls, most of
these formations are only specially differentiated true leaflets of the
megaphyll.

III. The fertile megaphyll Thedemarcationline between
the sterile and the fertile megaphyll is not very sharp. Not only in many
cases are the plastics of both absolutely the same but for the production of
sporangia in the sporophyll, but also many megaphylls are partly sterile,
partly fertile, with all possible size relations between the two parts.

From the theoretical conception of the phylogenetic origin of the
megaphyll it is clear that a marginal position of the sporangia must be held
as primitive. The usual position of the sporangia however is on the leaf
underside; this position is connected with the marginal position by so many
transitional stages, that a phylogenetic shift of the position is easily
assumed ¢); moreover marginal sporangia and sori even occur in recent

1

) GoeBEL 1930, op.c. p. 1171-1209.
} Bowegr 1935, op.c. p. 302-316.

} Scortr, op.c. p. 414.

) HIrRMER, 1927, op.c. p. 690.

)

)

)

-

o

BowegR 1935, op.c. 628.
Compare BowERr 1935, op.c. p. 371.

8
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ferns and in rare cases even the upper leaf surface may bear sori (Poly-
stichum anomalum 1)).

The sporangia in relatively rare cases are produced singly; in most cases
groups of sporangia are formed, called sori, or if the sporangia become
concrescent, synangia. The sori are often protected by an indusium, an
enation. For the manifold modes of organization and of position the works
of GOEBEL and BOWER and, also, the taxonomic literature may be consulted.

In the case of the development of mega- and microsporangia the sori
may also be differentiated into mega- and microsori (Salviniaceae) or they
may be bisexual, mixed (Marsiliaceae); mega- and microsporophylls, so
common in the seed plants, are unknown in the Filicinae.

The sporophyll of heterosporic Filicinae may develop fruit-like bodies,
the sporocarps (Marsiliaceae), each consisting of a leaflet which by folding
towards the adaxial side and concrescence of the free margins is converted
into a hollow sac, like the ovary of a follicle, in the interior of which a
number of indusia are produced and which by its peculiar differentiation
strikingly reminds one of seed coats or fruit walls 2).

IV. Phyllotaxis. Fern leaves evidently are arranged according
to the same phyllotactical laws as those of Angiosperms. The systems of the
main series strongly predominate; in dorsiventral rhizomes systems 1 +- 1
are very frequent, in stout erect stems high spiral patterns prevail. Whorl
formation rarely occurs: regularly in Salvinia (trimerous alternating
whorls), in many Psaronii ®) and side by side with spiral patterns in some
tree ferns 4).

The fact that the phyllotactical laws of megaphylls and of microphylls
are the same, notwithstanding the diphyletic origin of the two kinds of
leaves, may represent a parallel adaptation. It is however also possible,
that the phyllotaxis of megaphylls is derived from the cladotaxis of the
original smaller dichotomy shanks, and that in some ancient form with
both mierophylls and lateral branch systems both have been arranged
independently according to the same laws.

V. Kinds of megaphyll plastics. All Filicinae pos-
sessing sterile and fertile leaves in a certain sense are heterophyllous. Yet
the difference between the two kinds may only lie in the presence or
absence of sporangia or sori (Pteridium aquilinum) or there may be other,
often very great, differences (Matteucia Struthiopteris). Often a leaf may be

1) F. O. Bower, The ferns, III, Cambridge 1928, see p. 259.

2) The sorus of the Salviniaceae is often wrongly called sporocarp too, as by
SADEBECK in ENGLER & PRANTL op.c. 1902, p. 391 and even in the last edition
(1936) of the well-known Bonn textbook.

%) K. G. STENZEL, Die Psaronien, Beobachtungen und Betrachtungen, Beitrage
zur Paliontologie und Geologie Osterreich-Ungarns und des Orients 19, 1906, p. 85,
see p. 114.

4) See ScHOUTE 1914 l.c. (f.n. p. 9), p. 151.
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partially sterile, partially fertile (Osmunda regalis), with great difference
between the parts.

In some cases the sterile leaves are dimorphic too: the nest leaves and
the foliage leaves of Platycerium being one instance, the floating leaves
and the submerged leaves of Salvinia another. Moreover great differences
may be found between juvenile and older leaves (Asplenium epiphyti-
cum 1).

§ 9. The strobilus. — A strobilus is a more or less condensed stem of
limited growth, bearing a number of sporophylls.

In the bud condition the sporophylls are usually densely packed, forming
a kind of investment protecting the sporangia. The investment may consist
of the shield-like dilations of the sporangiophores (Equisetum) or of the
upturned laminar part of the sporophylls (Lepidostrobus, Sigillariostrobus),
or of separate sterile lobes of the sporophylls (Sphenophyllum Dawsoni), or
finally of a number of separate sterile phyllomes, intercalated between the
sporophylls (Palaeostachya, Calamostachys).

In the older literature the strobili were usually called spikes or cones,
terms which have not yet entirely disappeared from modern literature.
They are however to be avoided on account of their different morphologic-
al meaning in the Spermophytes. In some cases the strobili are called
flowers, a designation to which less objection is to be made, as flowers
are specialized strobili. It seems however more appropriate to retain the
term strobilus for the less specialized reproductive shoots of the Pteri-
dophytes.

Strobili are present in many Lycopodiinae and in most Articulatae;
instances of forms without strobili belonging to these classes are Lycopo-
dium Selago and Sphenophyllum tenuissimum. In the Psilophytinae, the
Psilotinae, Isoetinae and Filicinae they are altogether lacking.

The strobili may be borne terminally (Lycopodium, Lepidodendron
obovatum, Selaginella, Equisetum) or laterally (Lepidophloios, Bothroden-
dron).

In)the case of heterosporous strobili there is usually a fixed rule for the
distribution of mega- and microsporangia. In most cases the rule amounts
to the production of megasporangia, casu quo of megasporophylls, at the
basal part of the strobilus, the microsporangia (microsporophylls) oc-
curring at the apical part (Lepidostrobus Veltheimianus, Calamostachys
Casheana, Selaginella spp. with erect radial strobili 2)).

In other cases the rule may be different; in Selaginella spp. with hori-
zontal strobili, the megasporophylls form the two ventral, the micro-
sporophylls the two dorsal rows; in pendulous Sel. strobili the mega-

1) See GOEBEL 1930, op.c. p. 1188.
?) See ENGLER & PRANTL, op. c. p. 659.
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sporophylls may occupy the morphological apical, the microsporophylls
the basal part (ibid.).

§ 10. Special parts of the embryo. — In the second half of the last
century great expectations were entertained about the results of compar-
ative embryology. Developmental studies being in high esteem, the
great success of animal embryology invited analogous work in botany.

So the succession of cell cleavage in the embryo was accurately studied
and the cell divisions leading to organ formation were recorded. On the
whole we may say however, that the results have fallen short of the ex-
pectations ).

Even such a fundamental distinction as that between exoscopic
embryos, where the apex of the young sporophyte is directed towards the
archegonium neck, and endoscopic embryos, where it is directed towards
the base of the archegonium, did not prove to have the taxonomic value
one might expect, the embryos of Psilotum, Equisetum, Isoetes, Ophioglos-
sum, Botrychium Lunaria and of Leptosporangiatae being exoscopic, those
of Lycopodium, Selaginella, Marattiaceae, Botrychium obliquum and Hel-
mainthostackys being endoscopic 2)).

Special organs are formed in all or nearly all embryos, as adaptations
to the condition of development in the archegonium at the expense of the
prothallus. Of these organs the foot and the suspensor will be dealt with
here.

1. The foot. Contrary to its name, the foot serves as a haustorium, re-
ceiving nutritive substances from the prothallus. Accordingly in Tmesipte-
7is it even has an irregular surface in contact with the prothallus. Some-
times as in Lycopodium Selago it is not conspicuous, but it seems to be
present in all Pteridophytes. Its position in the embryonic body may vary,
or as BOWER expresses it 3): “the haustorial organs ... .included under the
term “foot” ....are, in fact, opportunist growths, formed in positions
convenient for the plant”.

2. The suspensor (“Embryotriger’’) is an organ of quite another function
as it is destined to push the embryo farther into the prothallus. Accordingly
it develops in the embryo at the side of the archegonium neck.

It occurs in Lycopodium, in Selaginella and in some Filicinae ?), amongst
the Ophioglossaceae we find both embryos with and without a suspensor ; in
Angiopteris we may even have specimens of both forms in the same
species %),

1) Detailed surveys of the facts with full quotation of the extensive literature
may be found in ENGLER & PRANTL, op. c. (1902), GOEBEL, op. c. (1930) and
Bower (1935).

2) All from BowEeR 1935, op.c.

3) BowkRr 1935, op.c. p. 542.

4) See BowER 1935, op.c.
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These facts all point to the unstable and morphologically not very
important character of these adaptations. BRUCHMANN describes the
interesting fact that the suspensor in Selaginella Kraussiana and S.
Poulteri is much reduced and is replaced by another organ of analogous
position, the embryo tube (“Embryo Schlauch’ 1)) which however does not
belong to the embryo but develops from the basal archegonium cell
surrounding the egg cell.

§ 11. Organs which have given rise to controversies about
their morphological nature (cf. p. 123). — In this paragraph the follo-
wing organs will be dealt with: The Psilotum sporophyll, the rhizophore
of Selaginella, the subterranean basal parts of some more or less related
Pteridophytes, namely the stigmarian axis with its rootlets and the basal
parts of Pleuromeia, Isoetes and Nathorstiana.

The protocorm, the tuberous stage of the Lycopodium embryo will not
be treated, as it has become clear that these tubers are nothing but an
occasional adaptation without phylogenetic importance; the reader may
be referred for it to BowER 2) who after having cited the literature con-
cludes that it will be best to drop the term protocorm altogether.

The aphlebiae are not treated either, as BOWER’s conclusion has already
been cited in § 8 on p.45, that under this name two different categories
have been included, namely microphylls and specialized megaphyll pinnae.

Before dealing with the indicated topics one general remark may be
advanced on the so-called organs sui generis. It is a well-known fact that
several authors have little objection to declaring an organ to be sui
generis, when the morphological nature is difficult to determine.

A sui generis organ however should properly be a novelty, not having
arisen by metamorphosis of existing organs, and such novelties arerarein
living organisms. Of course they must have occurred sometimes,and perhaps
the microphylls were such a novelty once, or the ligule of the Ligulatae.

But in most cases the so-called sui generis organs are evidently special-
ized forms of other organs, and often the assumption of the sui generis
character is only an easy means of getting rid of the difficulty, an apparent
solution which may retard the attempts to find a real solution.

The origin of a new specialized form of an organ must be supposed totake
place by a change in the morphogenetic forces for the special organ. When,
for instance, in a plant group the stem develops two forms with different
plastics, the morphogenetic stem factors must have been specialized in two
directions, or besides the old unchanged set of factors a somewhat different
modification must have been segregated from it; it is clear that the two
different organs arising in this way are homologous.

1) H. BRUCHMANN, Zur Reduktion des Embryotrigers bei Selaginellen, Flora
105, 1913, p. 337.
?) BoweRr 1935, op. c. p. 272.
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For the discrimination of homologous organs considerable weight has
always been attached to the occurrence of transitional stages. Evidently
this is due to the fact that the nearer the relation between the two sets of
morphogenetic factors, the easier the occurrence of transitions. Especially
in such cases where a number of consecutive organs are formed in which a
change of character follows, as for instance in sporophylls following on
foliage leaves, the change may often be executed gradually and the study
of the transitional stages formed in this way may give excellent information
on the homology of the different organs and their parts.

Most authors in declaring some organ to be sui generis, add their opinion
that the whole question of the inclusion in one or another category is only
of an academic order, or utterly unimportant, or some qualification like
that. This only shows the more that they do not take it as a question of
real biological processes, but only as a concern of idealistic morphology, a
branch of science which for some unknown reason always wants to pigeon-
hole all topics in a pragmatical way.

1. The Psilotum sporophyll. In § 8 on p. 34 the
complex sporophyll of some A#ticulatae has been declared to be a single
phyllome, and for Psilotum the same conclusion has been tacitly assumed.
A number of authors however have claimed an axial nature for the
fructificative complex; the first of them being JURANYI!), who derived
his arguments from ontogenetic facts, from the presence of an apical cell
for the synangium etc.

Many botanists later followed JURANYI, not only SACHS, STRASBURGER
and GOEBEL, but even EICHLER; on the other hand LUERSSEN, PRANTL
and CELAKOVSKY always adhered to the foliar nature of the complex. In an
excellent paper SoLMS-LAUBACH clearly proved that JURANYI's facts
were all ill-observed and that on the contrary the development was more
in favour of the foliar nature than of the axial nature 2). In the same paper,
to which reference may be made for the older literature, SoLMs pointed
out the transitions occurring between the sterile leaves and the sporophylls
and concluded that if the latter should really be taken for lateral branches,
then the sterile leaves would be monophyllous lateral branches too.

Accordingly after SoLMS’s investigation the general opinion changed:
VELENOVSKY %) and SEWARD ¢) again accepted the foliar view. The subse-
quent discoveries of the Rhynie fossils with their stem-borne sporangia,
however, so strongly impressed all botanists, that several of them again

) L. JurAnvi, Uber den Bau und die Entwickelung des Sporangiums von
Psilotum triquetrum Sw., Bot. Ztg. 29, 1871, col. 177.

?) SoLms-LauBacH, 1884, l.c. (f.n. p. 32).

3) VELENOVSKY, op.c. p. 215.

') A. C. SEwARD, Fossil Plants, II, Cambridge 1910, see p. 23.
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took up JURANYI’s view: as for instance SAHNI ') and KRAUSEL and WEY-
LAND 2). The last mentioned authors even put forward the old argument
that the fertile leaves of Psilotum possess a stele which is lacking in the
sterile leaves, although SoLms had already shown that Psilotum flaccidum
has a leaf-trace for every leaf and that even in Ps. friguetrum part of the
leaves have weak traces.

As far as I can see there can be no doubt as to the true foliar nature of
the sporangium-bearing complex on account of the following arguments.

In the first place, because of the transitional stages already pointed out
by Sorms, which clearly prove the homology of the two categories of
organs.

In the second place because of the analogy with Sphenophyllum, to
which ScoTT 3) and SEWARD %) have pointed; the forked sporophyll with a
small number of adaxially borne sporangia occurring in both.

In the third place on account of the phyllotactical relations. In Psilotum
triquetrum the sterile leaves at the main branches are placed irregularly. In
the thin branches they are however placed in a tristichous system 1 4 2,
together with the transitional stages and the sporophylls; this has been
remarked already by GOEBEL %) and it would be very hard to explain if the
two categories of organs were not homologous.

The only other solution, that the sterile leaves are cauline too, is more or
less explicitly defended by ZIMMERMANN, who derives both microphylls and
megaphylls from overtopped dichotomy branches ¢), a view to which,
however, few botanists will have recourse at the present stage of our
knowledge.

2. The Selaginella rhizophore. The well-known
rhizophores of Selaginclla share some properties with roots (positive ge-
otropy, lack of leaves), others with stems (exogenous origin, lack of root-
hairs and calyptra). Their anatomical constitution varies much in the
different species and is what might have been expected from leafless stems,
modified in the direction of roots; if they were true roots the structure in
some species would be quite uncommon, even unique in the plant kingdom
(see Ch. 11§ 2, A, I11, e). They are easily converted into leaf-bearing shoots.

In view of these facts all three possible opinions have found their de-
fenders, that rhizophores are transformed stems (e.g. PFEFFER, TREUB,
BRrRUCHMANN, VELENOVSKY, WORSDELL, TROLL); that they are roots (VAN

1y B. SAHNI, On Twmesipteris Vieillardi Dangeard, an erect terrestrial species
from New Caledonia. Phil. Trans. R. S. London, 1925, B 213, p. 143.

?) R. KrAuseL und H. WEYLAND, Beitrage zur Kenntnis der Devonflora, Sen-
ckenbergiana 5, 1923, p. 154, see on p. 169.

3) D. H. Scorr, Studies in fossil botany, London 1900.
) SEwWARD, 1910, op.c. p. 17.
5) GoOEBEL, 1930, op.c. p. 1252.
8) ZIMMERMANN, op.c. p. 125.

4
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TieGHEM, HARVEY-GIBSON, UPHOFF), or that they are organs sui generis
(GoEBEL, BoWER). For references to the literature the reader may consult
some of the later authors 1).

About the improbability of the last opinion little remark need be made
after what has been said about the sui generis organs in the introduction to
this paragraph; the many features the rhizophores share with stems and
roots completely exclude the idea of development in an independent way.

If rhizophores were transformed roots there would be no explanation
for their exogenous origin and their lack of root-hairs and a calyptra;if, on
the other hand, they are stems with a root-bearing function it is quite
natural that they are transformed in the root-direction. There seems there-
fore no room for doubt that rhizophores are specialized stems.

3. The stigmarian axis. The large main root-like organs of
Lepidodendron and Sigillaria, known as Stigmaria and in some cases as
Stigmariopsis, have even given rise to more comment than the rhizophores.
They are either thick and long, dichotomously branching horizontal organs
very slowly tapering towards their apices (Stigmaria), or shorter and more
downward sloping organs with stout positively geotropic lateral branches,
the so-called tap-roots (Stigmariopsis). They arise from the stem base, and
are usually four in number, a fact which is attributed to a once repeated
dichotomy.

The stigmarian axes always bore a very large number of appendages,
theso-called stigmarian rootlets (see sub 4), arranged in a high phyllotactic-
al pattern. These rootlets were produced close to the dome-shaped apex
of the stigmarian axis, and SoLMS-LAUBACH even wrote: “Indem sie sich
vorwirts kriitmmen, neigen sie sich knospenartig um den Scheitel zusam-
men”’ 2). This remark, based on personal observation, surely deserves
consideration; it should however be confirmed by new and detailed
investigation.

The appendages were formerly believed to arise exogenously, but LaxG
found in Stigmaria bacupensis that the two tissue zones of the rootlet outer
cortex, which are continuous with two similar zones of the stigmarian
axis, are covered in the latter by a third zone of three or four delicate and
ill-defined cell-layers.

The rootlets are not only arranged in a phyllotactical pattern as leaves
are, but they also cause distinct gaps in the axis stele, showing the same

1) J. C. Tu. UpHor, Contributions towards a knowledge of the anatomy of the
genus Selaginella. The root. Ann. of Bot. 34, 1920, p. 493; S. WILLIAMS, An anal-
ysis of the vegetative organs of Selaginella grandis Moore, together with some obser-
vations on abnormalities and experimental results, Trans. Roy, Soc. Edinb., 57,
1931, p. 1.

?) H. Graf zu SoLMs-LauBacH, Einleitung in die Palaophytologie, Leipzig 1887,
see p. 276.
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arrangement as the rootlets themselves; for lateral roots this would be an
unparalleled phenomenon.

Some authors have concluded that the stigmarian axis was a root.
WILLIAMSON strongly insisted upon this view !}; his only argument how-
ever was the function, morphological facts not being taken into consider-
ation. ZEILLER in his earlier years was inclined to the same view, though
less decidedly 2), and LINDINGER arrived at the same conclusion on the very
slender basis of a comparison with the large roots of Dracaena 3).

These views no doubt are erroneous, as a root never would bear organs
in a phyllotactical pattern, causing gaps in its stele, particularly while its
root function remained unaltered.

Of course the sui generis view has been held too: as its defenders we
may quote GOEBEL %), POTONIE %), ZIMMERMANN 6) and BOWER 7). As re-
marked above, this view would imply that the stigmarian axis should have
been formed anew by the plant, without borrowing its numerous cauline
characters from the stem.

A third category of authors compares the stigmarian axis with the
Selaginella rhizophore: SCOTT #) and especially TROLL ?) may be instanced.
As the rhizophore represents a modified stem, this opinion deserves some
more attention that the above ones. Yet it seems unacceptable on the
following ground.

The rhizophore is more advanced than the stigmarian axis in having
lost all traces of lateral organs borne in a phyllotaxis. On the other hand it
is less advanced in still bearing true roots; as we presently shall see the
stigmarian axis was devoid of roots. It is therefore not probable that either
of the two should be derived from the other.

') W. C. WiLLiamMsON, A monograph on the morphology and histology of Stig-
mavria ficoides, London 1887, in: The palaeontographical society, volume for 1886.
See foot-note on p. 5.

%) R. ZEILLER, Végétaux fossiles du terrain houiller de la France, Paris 1880, as
vol. 4 of “L’explication de la carte géologique de France”.

3) L. LINDINGER, Die sekundaren Adventivwurzeln von Dracaena und der mor-
phologische Wert der Stigmarien, Jahrbuch der Hamb. wiss. Anst., 26, 1908, 3.
Beiheft, p. 59, Hamburg 1909.

%) K. GoeBEL, Morphologische und biologische Bemerkungen, 16. Die Knollen
der Dioscoreen und die Wurzeltrager der Selaginellen, Organe welche zwischen
‘Wurzeln und Sprosse stehen, Flora 95, Erg. Bd. 1905, p. 167.

) H. Poronik, Lehrbuch der Pflanzenpalaeontologie, Berlin 1899, see on p.
214; moreover PoToNIE op.c. 1912, (f.n. p. 29), p. 236.

$) ZIMMERMANN, op.c. p. 148.

) BowEgRr 1935, op.c. p. 236.
8) Scortr 1920, op.c. p. 239.
9 TroLL 1934, l.c. (f.n. p. 10).
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In the older literature many other improbable views have been given;
for these Sorms 1) refers to a survey given by GOEPPERT.

So only the view which has been adopted by so many authors remains,
namely that the stigmarian axis is a rhizome. This, in my opinion un-
doubtledly correct, view has been held by: W. PH. SCHIMPER, B. RENAULT,
Sorms-LauBAcH, GRAND'EURY, ZEILLER?), HIRMER, WEIss3), and
KUBART 4).

The objection raised by TroirL %), that the stigmarian axis cannot be
a rhizome, because of the lack of innovation buds producing aerial stems,
does not seem well-founded. Even if it may turn out that the stigmarian
axes never formed such innovation buds, the designation as a rhizome
might be used for these specially adapted subterranean stems.

Moreover the problem as to how the aerial stem was produced remains
quite unsolved up to the present day.

GOEPPERT, RENAULT and GRAND’EURY came to the conclusion that the
stigmarian axis in some way produced large tuberous thickenings giving
rise to an aerial stem and also to new stigmarian axes; GOEPPERT compared
it with the way in which moss stems are borne on a protonema.

WILLIAMSON, the best connoisseur of the English forms, was strongly
opposed to this view. Later authors however admitted the possibility of
such vegetative propagation. SOLMS in his excellent “Einleitung” discussed
the question at length ) and concluded by saying that the conception, as
given by these authors, is very plausible and explains everything com-
pletely. It is only a pity that the actual basis of observed facts is not
worth much, the indications of a parent rhizome at the tree base especially
being entirely lacking.

So by negative evidence the existance of vegetative propagation became
less and less probable; yet SEWARD wrote in 1910 7) that he still believed
the main contentions of RENAULT and GRAND’EURY to have been correct.

It is only quite lately, by the discoveries of WALTON 8) that positive
evidence has been adduced for the direct elaboration of the tree from the
sporeling, for the case of Lepidophloios Wiinschianus. WALTON succeeded in

') SoLms-LAUBACH 1887, op.c. p. 288.

) R. ZEILLER, Eléments de paléobotanique, Paris 1900, see p. 202.

% F. E. WgIss, A re-examination of the Stigmarian problem, Proc. Linn. Soc.
London, session 144, 1932, p. 151. For further quotations see HIRMER 1927 op.c.
and especially SoLms-LAuBAcH op.c. 1887, p. 270.

4 B. KuBART, Stigmaria Bgt., Mitth. naturw. Ver. Steiermark 71, 1934, p. 33.

%) TroLL 1934, l.c. p. 94. .

%) SoLms-LAUBACH 1887, op.c. p. 299.

7) SEWARD 1910, op.c. (f.n. p. 50), p. 238.

8) J. WaLrToN, Scottish lower carboniferous plants: the fossil hollow trees of
Arran and their branches (Lepidophloios Wiinschianus Carruthers). Trans. R. Soc.
Edinb. 58, 1935, p. 313.
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observing the well preserved primary xylem of the stem base in several
specimens and he found it to consist of a solid core of very small dimensions,
probably less than 2 mm in diameter at the base, and soon enlarging
upwards in the stump to a medullated primary xylem cylinder of about
20 mm.

The slender primary xylem cylinder moreover showed two shallow
grooves at its periphery, not present in other parts of the plant, which the
author, in all likelihood correctly, connects with the stigmarian base.

These facts really are strong indications of a direct development of
the stem from the sporeling. Of course many unsolved questions remain:
thus we should like to know how the primary cortex of say 30 cm in diame-
ter may have been elaborated, and especially we should like to have some
knowledge about the origin of the stigmarian base.

As far as the facts go I should therefore be inclined to the supposition,
that in many Lepidophytes the tree was directly elaborated from the
sporeling, whereas in some others there may have been vegetative propa-
gation with a gradual increase in the size of the successively produced
stems.

There are actually some indications for the latter possibility. As such
I may call attention to the numerous young specimens of Pleuromeia, to
be described beneath sub 6, which are similar in all respects to the large
specimens. But especially I might allege the fact that in the thick basal
stem part of S¢gillaria the number of leaf orthostichies may be much larger
than in the normal part of the stem some feet higher, through the discon-
tinuation of a considerable number of the orthostichies; see the drawing
by BRONGNIART 1). Such a condition would be natural if the stem arose
from a large innovation bud, but if the stem was directly elaborated from
the embryo the conditions must have been rather the reverse, as indeed has
been observed by GOLDENBERG for Sigillaria cactiformis 2) where between
16 orthostichies 4 new ones were intercalated and by KipsTton ?) in a
Sigillaria of the Rhytidolepis-groups, where 29 orthostichies increased in
number up to 45.

In any case new facts like those alleged by WALTON will be most useful;
mere suppositions as given by LIGNIER %) or HIRMER %) will never be able
to fill up the gaps in our knowledge.

1) BRONGNIART, l.c. 1828, (f.n. p. 14), PlL. 160.

?) F. GOLDENBERG, l.c. (f.n. p. 12), 1855-1862, 1. Heft p. 38. Pl. 4 fig. 1.

3) R. KipstoN, Fossil Flora of the Yorkshire Coalfield II, Trans. R. Soc. Edinb.
39, 1897.

9) O. LigNIER, Interprétation de la souche des Stigmaria, Bull. Soc. bot. de
France, 60, 1913, p. 2. The author supposes thatstigmarian rhizomesby dichotomous
branching in a perpendicular plane, gave rise to the aerial stem at the upper side
and toanew rhizome at the under side; the latter by two furtherdichotomies formed
the usual stigmarian base. He further supposes that by apposition of secondary
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4. The stigmarian rootlet. These well-known, more or
less cylindrical or awl-shaped and sometimes dichotomizing organs, also
called appendages (appendices), are usually regarded astrueroots, notwith-
standing their arrangement in a phyllotactical pattern, a unique feature
for roots.

Their organization and function however are similar to that of roots;
anatomically we have only the difference of the development of a trans-
fusion tissue in the outer cortex, connected by small strands, through the
trabecular tissue, with the stelar xylem 1).

Apart from this small difference they have almost the same anatomy as
the Isoetes roots; and as they are famous for their intrusive power, they
must have possessed a strictly localized apical growth.

Accordingly WiLLiaAMSON, HIRMER, WEISS and many other authors
declare them to be roots. Yet there are some characters deviating from
what is to be found in other roots, beyond their arrangement: they lack
root-hairs and a root-cap, in contrast with Isoetes. The absence of the
root-cap is especially remarkable, in view of their normal root-function.

It is therefore no wonder that several other authors have seen metamor-
phosed leaves in these rootlets, especially from their arrangement; these
are W. PH. SCHIMPER, RENAULT 2) and GRAND’EURY. On the same argu-
ments POTONIE 3) and ScoTT 4) recognize the homology of rootlets and
leaves, but at the same time take them to be homologous with the Isoetes
roots too. I shall come to the latter point below sub 5.

Of course the idea that the rootlets are modified leaves deserves full

tissues all these branching places became covered and withdrawn from the eye;
a view for which it might be difficult to obtain a satisfactory anatomical founda-
tion.

%) HIRMER (1927 op.c. p. 289;19331.c. f.n. p. 32, p. 52and 1934 in a paper ,,Grund-
satzliches zur Rekonstruktion des Lepidophyten-embryos. Eine Erwiderung an
Herrn Wilhelm Troll, Palaeontographica 79, B, p. 143) suggests, especially in the
second paper, that in the embryo of Lepidodendron both epibasal and hypobasal
halves may have been active, not only the epibasal one as in Isoetes, or the hypo;
basal one as in Lycopodium and Selaginella; in such a way two poles might have
been produced, one for the aerial stem, the other for the stigmarian base.

This view which does not seem very acceptable in itself and for which the facts
mentioned above are not favourable, has been discussed by Trorr (1934, l.c. f.n.
p. 10).

1 F. E. WEiss, The vascular branches of Stigmarian rootlets, Ann. of Bot. 16,
1902, p. 559 and same title 18, 1904, p. 180.

?) RENAULT believed that apart from the root-like leaves true roots also oc-
curred on the older stigmarian axes, roots of the same form and properties as the
leaves. His arguments in favour of this incredible view have been discussed and
fully refuted by SoLms-LAauBAcH (1887, op. c. f.n. p. 52, p. 285, 297).

) POTONIE, op.c. 1912 (f.n. p. 29), p. 238.

4) Scorr, op.c. 1920, p. 238; this view has been adopted by KuBarT (f.n. p. 54).
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attention, as most facts mentioned above would be readily explained in
this way: the arrangement, the presence of stelar gaps, the absence of
root-hairs and root-cap, and their early formation at the stigmarian apex.
It would only imply the assumption of a far-reaching adaptation to the
root-function, including a striking approach to the root-anatomy.

There are however some objections. The occurrence of dichotomous
branching would not be a serious one, as dichotomizing leaves are not
lacking in the Lycopodiinae, nor even in the closely allied Lepidophyta
(Protolepidodendron).

As a real objection we have in the first place the endogenous insertion
as described by Lanc for Stigmaria bacupensis') and other species.
Leaves are always exogenous, and for the realization of a phyllotaxis this
is probably even an essential feature, the determination of leaf places
being a surface phenomenon.

We may say however that an endogenous insertion does not necessitate
an endogenous origin. What has been proved is that a few external cell
layers of the mature axis did not extend over the surface of the mature
rootlet which in any case must have been formed very near to the axis
surface. If for instance there was a superficial tissue of the rootlet during
the ontogeny, which disappeared during the stretching of the rootlet, then
rootlets would have been exogenous in origin as has always been assumed.
As long as nothing is known about the rootlet ontogeny, this point must
remain unsettled, and the arrangement of the rootlets in parastichies in
itself is an argument for an exogenous origin.

A second objection might be inferred from the communication of Po-
TONIE 2), that in rare cases on the Sigillaria stem between the leaf scars
other scars of rootlets were to be observed; indeed if the rootlets occurred
irregularly between the leaf scars whose phyllotactical pattern was un-
changed, this would amount to a direct proof that the rootlets were not
homologous with the foliage leaves.

PoTONIE’s observation however, as may be read in SoLms 3), was far
from new, and its explanation has been very different, GERMAR already
having declared these marks to be scars of spines. Unless proofis given that
these scars really are rootlet scars, this objection may be left out of con-
sideration.

In consideration of the known facts I am therefore inclined, though
recognizing the need for further research, to assume that the rootlets are
modified leaves. In any case we may say that this view is much more
probable than any other one, and the comparison of the stigmarian axis

1) W. H. Lang, On the apparently endogenous insertion of the roots of Stigmaria,
Mem. and Proc. Manch. Lit. and Phil. Soc. 67, 1923, p. 101.

?) PoToNIE 1899, op.c. (p. 53), p. 212.

3) SorLms-LauBacH 1887, op.c. (f.n. p. 52), p. 252.
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with parts bearing true roots, like the rhizophore or the I'soetes stem base,
thus loses significance.

Finally there are still two divergent opinions to be mentioned. One of
them of course is the unavoidable sui generis hypothesis, this time held by
ZIMMERMANN 1) ; it will be passed over in silence.

The other is a view of WEISS, giving an elegant solution for the difficulty
of roots arranged in parastichies. WEISS supposes 2) that the stelar gaps in
the stigmarian axis are caused by wholly aborted leaves, whereas under
every leaf a single root is developed. This solution, though attractive at
first view, presents the greatest difficulties on closer examination. It
implies for instance that for every wholly aborted leaf exactly one single
root was formed, a root with the ordinary root function, but without root-
hairs or root-cap, and that moreover the true root-trace would form the
continuation, without any visible disturbance, of the well-developed trace
of the aborted leaf: altogether an untenable set of suppositions.

5. The Isoetes stock base. The first to relate Isoetes with
Stigmaria was BRONGNIART 3). Since then it has become customary to see in
Isoetes a last remnant of the Lepidophytes, the Mesozoic forms Pleuromeia
and Nathorstiana representing intermediate links. This series has even been
claimed by MAGDEFRAU #) to be one of the best phylogenetic series known
in the vegetable kingdom.

Other botanists on the contrary deny a close connection between Isoetes
and the Lepidophytes, for instance WEST and TAKEDA %); in all papers by
these authors the organization of the lower stem part plays a primary role.

A discussion of the morphological conditions of the Isoefes stock base
is therefore necessary here; as we shall see it will reveal to us the existence
of a large gap between the Lepidophytes and Isoetes.

The two- or three-lobed stem of Isoefes (sometimes five-lobed, rarely
four-lobed) at first is more or less globular. The development of the lobes
is not due to the action of supplementary vegetative cones at the basal
side, but only to the local formation of secondary tissues by the cambium.
This cambium surrounds the stem stele and even closes around its basal
end, just as is the case in Nolina recurvata ®). The lobes therefore are not
comparable to stigmarian axes as all botanists formerly believed 7), as

') ZIMMERMANN, op.c. (f.n. p. 26), p. 149.

%) WE1ss 1932, l.c. (f.n. p. 54), p. 156.

°) AD. BRONGNIART, Prodrome d’une histoire des végétaux fossiles, Paris 1828,
see p. 82.

1) K. MAGDEFRAU, Uber Nathorstiana, eine Isoetacee aus dem Neokom von
Quedlinburg a. Harz, B.B.C. 49, 2, 1932, p. 706 see p. 715.

%) C. West and H. TAKEDA, On Isoefes japonica, A. Br., Trans. Linn. Soc.
London, 2nd ser. 8, Botany, 1915, p. 333.

°) J. C. ScHOUTE, Die Stammesbildung der Monokotylen, Flora 92, 1903, p- 33.

?) Thus for instance still in PoToNI1 1912, op.c. (f.n. p. 29), p. 234.
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these grew by a vegetative cone; for the same reason they can neither be
stems or roots.

The place where the lobes arise is determined by the phyllotaxis of the
young plant; in distichous plantlets the furrows alternate with the leaf
orthostichies, under which the lobes are formed !). Once the lobes are
constituted they retain their position, even on change of phyllotaxis.

Between the lobes the tissue is torn open by a longitudinal slit, forming
in this way the well-known furrows; evidently these furrows are due to the
growth of the lobes, by the dilatation of the tissue. The furrows meet at the
stock base and unite there.

In the embryo the first root arises laterally and exogenously 2); like all
subsequent roots this first root is provided with root-hairs and with a root-
cap. The position of later roots is always related to the place of the furrows,
these roots according to all authors being formed in series alongside the
furrows, and therefore more or less in the position of orthostichies.

In every orthostichy the development is acropetal, the youngest root
being placed nearest to the furrow end, i.e. to the stem apex 3).

The orthostichies however are soon discontinued, and a new orthostichy
arises at either side of the furrow, between the last orthostichy and the
furrow which is always becoming deeper.

This new orthostichy forms its members without any spatial relation to
the roots of the previous row; there is no alternation or juxtaposition to
be observed 4); such a spatial relation moreover would hardly be expected,
in view of the different age of the adjacent roots of different orthostichies.

1) First observed by AL. BRAUN, Weitere Bemerkungen tiber Isoetes, Flora 30,
1847, p. 33.

2) J. BRETLAND FARMER, On Isoetes lacustris, Ann. of Bot. 5, 1890/°91, p. 37.

3) This acropetal development has especially been demonstrated by D. H.
Scort and T. G. HirL (The structure of Isoetes Hystrix, Ann. of Bot. 14, 1900, p.
413) who observed that the roots of any series are of different ages, the oldest root.
traces having their vascular tissues more or less obliterated while the youngest are
still wholly meristematic (l.c. p. 428).

West and TAKEDA however contend (l.c. p. 354) that all roots of a series are of
the same age. No observations are given in proof of this aberrant statement; the
fact that the roots in a series appear in a regular succession at the stem surface with
considerable difference in time is duly recognized, but explained by the remark
that the roots at the furrow end have to travel over a longer distance through the
cortex.

This last statement is difficult to reconcile with the drawings of longitudinal
sections through the stem in the furrow plane, as given by von MoHL (Uber den
Bau des Stammes von Isoetes lacusiris, Linnaea 14, 1840, p. 181, pl. 3, fig. 4, 9)
and by W. H. LanG (Studies in the morphology of Isoetes I, The general morphol-
ogy of the stock of Isoetes lacustris, Mem. & Proc. Manch. Lit. & Phil. Soc. 59,
1915, Memoir no. 3. See fig. 2).

1) Scort and HiLL, L.c. fig. 11, 12; LaNG, l.c. fig. 2.
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For the rest the distribution and position of the root series cannot easily
be grasped from literature. In particular the later position of the root
series which is quite different from the original position alongside the
furrow, has never been explained as far as I know 1).

All these roots being formed endogenously, their traces are inserted on
the base of the stem stele. Owing to their great number on the stem stele
two, or in the three-lobed stems three, arms of stelar tissue are formed out

1) Though not having instituted any investigations myself I might suggest the
following incomplete, but perhaps not improbable, explanation of the said diffi-
culty, in the hope that it may stimulate some future student of Isoetes to complete
it, or to amend or reject it.

Our fig. 8 represents two transverse sections through an Isoefes stock base, just
under the stele, 4 being a two-
lobed, B a three-lobed specimen.
The position of the stele s as pres-
ent in higher sections has been
indicated by dotted lines; the
lobes ! and the cortex ¢ inside
the furrows are represented.

Radiating lines in ic and/are
intended to indicate the pre-
sumed transverse growth direc-
tions; in /! where the tangential
tension is removed, these must
be different from those in ic.

Now the root series arise at
the under side of the upturned
stelar arms; in our schematic
figures this upward curve not
being taken into account, » may
represent a rootseries at the place
of origin. By the formation of
new cortex parts at the outside
of the cambium, such a series
will successively assume other

- : , ’”
F1G. 8. Schematic transverse sections just un- positions, of which 7” and #” may

der stele through two-lobed (4) and three-lobed give an idea.
(B) stem of Isoetes; s = position of stele at The position of the different
slightly higherlevel; ic= cortexinside furrovys; root series in the drawings by
! = lobes of stem; 7, »* and #”’ = successive
positions of root series; radiating lines = pre- ; i
sumed growth direction of parenchyma. lobed I. japonica (l.c. text-fig.
12 and 13) exactly corresponds to

that in our fig. 8 B; the drawings by LANG of the two-lobed I. lacustre (l.c. fig. 2)
contain, it is true, some series in the position of those in our fig. 8 4, but moreover

WEesT and TAKEDA of the three-

some series in or near to the median line of the lobe; for this undoubtedly correct
observation (from a photographed section series) the above explanation gives no
clue.
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of the confluent root-traces, arms which FITTING has taken to be homolo-
gous with stigmarian axes ). The thorough description by ScorTt and Hir.
however leaves no doubt that the interpretation by these authors is
correct 2).

So the peculiar stem-formation of Isoetes, notwithstanding its unique
feature of secondary growth in a recent Pteridophyte, does not offer any
analogy to the Lepidophyte tree base; the fact that its roots are clearly
true roots therefore is no longer a problem.

We cannot leave the topic without mentioning a widely accepted opinion
from literature about the basal stock part. BRAUN believed that the lower
part of the Isoefes stock was nothing but a telescoped main root ; he based
that view on the basipetal development of the new roots. Though this
argument was wholly cancelled by the accurate observations on the root
developmental order by ScorT and HiLL, similar views remained. So we
read that LaNG after intensive anatomical examination concluded that
“the recognition of the lower region of the stock of I'soefes as a rhizophore in
some way correlated with the upwardly growing shoot appears to be
justified” %). And L1EBIG even declares %), that all her median longitudinal
sections through the stock are proofs of BRAUN’s thesis!

When we consider the arguments of these assertions we find that they
are chiefly based on the fact that the stele in every monarch root is turned
towards the furrow, a relation which surely is no basis for such far-
reaching conclusions and which may be quite well correlated with the
orientation of all roots towards the furrows.

So our conclusion is that the stock base of Isoetes is only peculiar in its
constantly tearing furrows, a feature connected with the formation of
local humps of secondary tissue, the lobes. Roots are formed, as always in
all plants, in any suitable place; the presence of the furrows and the lack of

1) H. FITTING, Sporen im Buntsandstein — die Makrosporen von Pleuromeia?
Ber. d. D. bot. Ges., 25, 1907, p. 434, see p. 441.

?) WEsT and TAXEDA in this respect hold another view; they describe an apical
meristem by which the stelar arms grow (l.c. p. 346). This meristem is compared to
that of the stem, and on this basis the authors try to keep to the fore the con-
ception of the downward growing “rhizophore’’ as an organ sui generis.

They admit however that this apical meristem differs from any other in being
distributed over a large area, since it extends along the whole length of the curved
lower edge of each of the stelar arms. They further admit that this primary meri-
stem is not situated at the actual periphery of the stock, but that it is separated
from the exterior by several regularly arranged layers of parenchyma cells, and
finally they admit that it may also be regarded as a part of the cambium.

The natural conclusion therefore may be that this “primary meristem’ is
nothing but a specialized part of the cambium in which the adventitious roots are
formed in great number.

%) -Lanc 1915, L.c. p. 21.

4) *Joua. LiEBIG, l.c. (f.n. p. 35), 329.
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new higher stem parts cause these suitable places to be found in an unusual
arrangement.

6. The Pleuromeia stem base. No comparison being
allowed between the stigmarian axes and the Isoetes stock base, the question
remains about the intermediate links.

In Pleuromeia the stem at its base usually developed four conical up-
turned lobes; sometimes only two have been present. In the normal case
of four they were not placed in a regular cross, a single connecting part
being present at the under surface between two opposed pairs ?).

In rare cases some of the four lobes showed a beginning of further
dichotomy?). Therefore there is no doubt that thelobes were duetoa process
of dichotomous branching; in this respect they entirely fall in line with the
stigmarian axes and are in striking contrast with Isoefes.

The lobes were covered on all sides by scars left by appendages. About
the distribution of these appendages we have but little information.
Judging from the published figures it is not impossible that they were
arranged in irregular parastichies. In any case we may say that their
occurrence at all sides of the lobes agreed with the stigmarian rootlet
distribution, and was in contrast to the arrangement of the Isoetes roots.

The lobes further were cone-shaped; when a vegetative cone has been
present its place is absolutely clear. As, however, the scars cover thelobes
up to the apex, it may have been that the lobes were of a determined
growth and that their vegetative cones soon became exhausted.

Concerning the appendages which are sometimes found in situ our
information is rather meagre. They had a small excentric stele like the
stigmarian rootlets and the Isoefes roots; about root-cap and root-hairs
nothing is known. There is however one important fact, described by
SoLwMs 3), namely that the appendage traces caused gaps in the lobar stele;
this correspondence to the stigmarian rootlets is an important argument
for the homology of the lobes with the stigmarian axes and of the ap-
pendages with the stigmarian rootlets.

Apart from the adult stems of about 2 metres numerous small specimens
have been observed. The most curious fact about them is that they were
similar in all respects to the big ones, only much smaller. They had a stem
of for instance 12—16 mm diameter instead of 6—9 cm, but their lobes
were perfectly analogous, the only difference being ¢) that the lobe apices
were not yet acute but more globular.

1) K. MAGDEFRAU, Zur Morphologie und phylogenetischen Bedeutung der fos-
silen Pflanzengattung Pleuromeia, B.B.C., 48, 2, 1931, p. 119; already earlier
observed by BiscHOFF 1855.

?) H. PotoNIE, Abbildungen und Beschreibungen fossiler Pflanzenreste, Lief. 2,
Berlin 1904.

3) SoLMms-LAUBACH, l.c. 1899 (f.n. p. 32), see p. 235.

4) TH. SPIEKER, Pleuromeia, eine neue fossile Pflanzengattung und ihre Arten,
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These small specimens probably were nearly or quite as full-grown as
the big ones; SoLMs in discussing them points out !) that it is extremely
improbable that the small specimens could grow up by an evenly distribut-
ed growth, but that the only plausible conception, here as in the case of the
Lepidophytes, was the development of the aerial stems from a rhizome.

Our conclusion can only be that the Pleuromeia stem base is really
homologous to a Lepidophytic stem base, but on a reduced scale; and
further that its appendages, in the same way as in the stigmarian rootlets,
were modified leaves.

7. The Nathorstiana stem base. The stem of this
recently described fossil 2) had a basal part provided with some 12 to 20
longitudinal ridges, separated by shallow furrows. On theridges appendages
were borne, in the upper part of the ridge in a single, in the lower part in
from two, up to four, rows.

The appendages which have been observed in situ left scars with a small
excentric protuberance; evidently they had a small excentric stele like the
appendages and roots in the former cases.

MAGDEFRAU makes mention of indications of a partition of the stem
base in old specimens into two or four lobes. His photographs however are
very disappointing in that respect, showing only a somewhat irregular
shape.

As far as the incomplete data allow I should be inclined to see in Nat-
horstiana a plant which has nothing whatever to do with the Lepidophytes,
but which in its stem base is developed more or less along the same lines as
Isoetes.

§ 12. Appendages of the outer surface (Hairiness). It is a re-
markable fact that the stem and leaves of most microphyllous Pteri-
dophytes are absolutely glabrous. Only the root and sometimes the
rhizome with their root-hairs show other conditions.

Exceptions to this rule are rare; in the Psilophytinae they seem to be
entirely lacking.

Amongst the Articulatae the only case I found mentioned was that
of a “tomentum” developed in some Eguisetum spp, consisting of simple
and filiform hygrometric processes of the epidermis cells, up to 5 mm long.
According to DuvAL-]JOUVE this tomentum is present on the rhizomes of
E. maximum, sylvaticum and arvense; in E. littorale, limosum, palustre and
pratense it only occurs on the rhizome leaf sheaths 3).

gebildet aus der Sigillaria Sternbergi Miinst. des bunten Sandsteins zu Bernburg.
Zeitschr. f. d. ges. Naturwiss., Halle, 3, 1854, p. 177 see p. 185.

') SorLms-LauBacH 1899, l.c. p. 239.

?) K. MAGDEFRAU 1932, l.c. (f.n. p. 58).

%) J. Duvar-Jouve, Histoire naturelle des Equisetum de France, Paris 1864,
seeon p. 18.
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In Lycopodium the leaf margin may sometimes bear small teeth or
cilia 1), and in Selaginella the epidermis cells of the stem may form cy-
lindrical outbulging processes giving rise to hairs 2); only in some cases do
we find independently formed hairs, borne on a podium of small cells.

In the Filicinae on the other hand hairs are abundant everywhere,
mostly in the special form of paleae, being flat multicellulair hairs, though
stellate and peltate forms occur too. These paleae have been rightly com-
pared by several authors to microphylls, lately by BOowWER 2).

Indeed the likeness is often very striking. VELENOVSKY, giving a survey
of these dermal appendages %), mentions the existence of a midrib con-
sisting of special thick-walled cells in the paleae of the genus Platycerium
and in Asplensum Trichomanes; moreover he mentions the fact that
Polypodium lycopodioides owes its name to the scaliness of the rhizome,
giving it a likeness to a Lycopodium shoot.

Besides the paleae there may be a second form of hairs, smaller and cy-
lindrical, without any transitional forms between the two hair categories 3);
perhaps these hairs are other enations, independent of the line that once
gave rise to the microphylls.

Groningen, May 1936.

Botanical Laboratory of
the Government University.

') ENGLER & PRANTL, op.c. p. 583.

2) Ibidem p. 638 and moreover R. J. HARVEY-GIBsoN, Contributions towards
a knowledge of the anatomy of the genus Selaginella Spr., I1I, The leaf, Ann. of
Bot., 11, 1897, p. 123, see pl. 9 fig. |, 4, 14, 15.

%) Bower 1935, op.c. p. 558.

%) VELENOVSKY op.c.p. 194, ibidem Part 4, 1913, p. 30.

%) VELENOVSKY 1905, op.c. p. 195.



CHAPTER II
ANATOMY
by
J. C. ScHOoUTE (Groningen)

§ 1. Introduction. — A. Historical. Anatomy, the study of internal
construction, as compared to external morphology has the great dis-
advantage that its object usually is only open for observation after special
preparation; often the studied spatial forms have to be synthesized by
combination of the observations made on different sections.

When we further take into consideration that in vascular plants the
internal structures as a rule are much more complex than the outer forms,
it is no wonder that the knowledge of the Pteridophyte anatomy long
remained behind the knowledge of the external forms of these plants.

Indeed we may say that the study of Pteridophyte anatomy only dates
from the first half of the nineteenth century. The general works on plant
anatomy from the beginning of that century !) only contain incidental and
insignificant facts about Pteridophytes. Soon afterwards, however, we find
a good anatomical description of the stem of Equisetum fluviatile by
BRONGNIART 2) and some years afterwards voNn MoHL wrote his splendid
paper on the stem structure of tree ferns 3) which was to be followed by his
equally excellent paper on Isoetes 4).

The impression these papers make upon a reader of our times is that they

1) J. J. P. MOLDENHAWER, Beytriage zur Anatomie der Pflanzen, Kiel 1812; K.
SPRENGEL, Von dem Bau und die Natur der Gewichse, Halle 1812; C. F. Bris-
SEAU-MIRBEL, Eléments de physiologie végétale et de botanique, Paris 1815.

%) Ap. BRONGNIART, Histoire des végétaux fossiles, I, Paris 1828, see p. 100.

3) H.von MoHL, De structura caudicis filicum arborearum, 1833, in: C. F. PH. DE
MarTIUS, Icones plantarum cryptogamicarum quas in itinere annis 1817-20 per
Brasiliam instituto collegit et descripsit, Monachii 1828-1834; shortened and
translated into German in: H. voN MoHL, Vermischte Schriften botanischen In-
halts, Tiibingen 1845, see p. 108.

4) H. van Monr, Uber den Bau des Stammes von Isoetes lacustris, Linnaea
1840, p. 181; Vermischte Schriften p. 122.

Manual of Pteridology 5
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are quite modern in ground-plan and execution. This is due to the fact
that these authors tried, without bias, to record the prevailing rules and
laws, governing the construction of the tissues. Before 1825 most anatomists
(or phytotomists as they were often called) were either led by mere
curiosity and by the desire to make a trial of their lenses, or they at once
tried to understand the internal structure as a base for the fundamental
physiological phenomena in the plant.

As the former aims did not yield sufficient impulses for the continued
efforts required to master the multifarious facts, and as the latter aim
even at present for the greater part is still out of our reach, the results on
the whole were disappointing. The study of the existing regularities how-
ever, being a safe and efficient guide in the labyrinth of phenomena,
yielded much better results, and this is still the experience of our times.

Once the facts are established by a thorough description, we may try to
make use of our knowledge for physiological, systematical or other
purposes, and the better our description and the greater the detail the
better the results will be. As MoLL expounds in his “Phytography’ 1),
experience has shown that by making descriptions, as detailed as possible,
without any prejudice, results may often be obtained as unsought for
by-products, which would have been out of the reach of the author when
trying purposely to solve the same problems without making such a
description.

After voN MoOHL a number of authors followed, of which voN NAGELI,
MetTENIUS, DUVAL-JOUVE and Russow may be instanced. Up to the year
1874 their work has been summarized and quoted in the masterly work by
DE BARY %), an unrivalled monument in the anatomical field. From 1874
up to the present day the stream of anatomical work on Pteridophytes,
both recent and fossil, has gradually risen in accordance with the in-
creasing interest paid to Pteridophytes in general.

B. Scope of the chapter. In view of the extension of the field and the
limited space available for the present chapter a severe restriction of
the subject- matter is peremptorily required.

This will be attained in the first place by omitting all histological facts
and dealing only with the gross anatomy, the topography. For information
on histology the reader may be referred primarily to BARY who gives an
astonishing number of facts, and for more recent work to ENGLER and
PRANTL 3) and to ZIMMERMANN 4); for fossils to HIRMER ®) and to Hor-

1) J. W. MoLL, Phytography as a fine art, Leiden 1934, see p. 465.

) A. DE Bary, Vergl. Anatomie der Vegetationsorgane der Phanerogamen und
Farne, Leipzig 1877.

%) ENGLER und PrANTL, Die natiirlichen Pflanzenfamilien, I, 4, Leipzig 1902.

%) W.ZiMMERMANN, Die Phylogenie der Pflanzen, Jena 1930.

%) M. HirMER, Handbuch der Palaobotanik, Miinchen und Berlin 1927.
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MANN 1). With the aid of these works and their literature lists the scattered
original sources may be found.

In the second place even the topography will not be dealt with ex-
haustively, but only in so far as it has a more general importance either for
phylogeny, or for the ontogenetical elaboration of the plant structure. It
goes without saying that the choice of subjects has been rather arbitrary
and has been determined by the private views, knowledge and experience
of the present author. For more detailed information the same works
quoted above may be recommended, with the exception of HOFMANN who
only deals with histology, and with the important addition of BOwER 2).

Developmental anatomy, in the sense of a study of cell division order,
which was such a prominent feature in the researches of the nineteenth
century will be left entirely out of consideration, as it has been recognized
long since that it is in no way decisive for further differentiation; for
striking new instances see BOWER 3).

On the contrary due attention will be paid to the presumable order
in which the plant structures are first induced. The process of induction
not being open for direct observation itself, this has to be gathered from the
results in the later stages in which the induced structures have become
visible; in view of the easy observation of large complexes the adult
condition often gives the best information.

§ 2. Anatomy of the stem. — A. Primary organization.

I. Epidermis. Insuch cases where the stem surface has not been
wholly taken up by leaf insertions, but where a free stem surface is to be
observed, the outer cell layer is called the epidermis.

Unlike the condition in Angiosperms, the boundary between epidermis
and cortex is usually an irregular surface; this is due to the fact that the
epidermis does not arise from an early defined dermatogen, but often
is separated by late partition walls from the inner cells. Accordingly HE-
GELMAIER speaks of a most external, “die Stelle einer Epidermis ver-
tretenden”’ cell layer 4). The distinction between a one-layered and a many-
layered epidermis, often to be made in Angiosperms, as a rule therefore is
impossiblein Pteridophytes.

When the plant forms different kinds of stem, the epidermis in these
stems may be differentiated along divergent lines too, for instance in
Psilotum Bernhards in the rhizome and the aerial stem %). Two different

1} ErisE HoFMaANN, Paldohistologie der Pflanze, Wien 1934.

?) F. O. BowgR, Primitive land plants also known as the Archegoniatae, Lon-
don 1935.

3) BOWER, op.c. p. 328.

%) F. HEGELMAIER, Zur Morphologie der Gattung Lycopodium, Bot. Ztg 30, 1872,
col. 773, see col. 797.

5) W. L. BEekMan, Uber die Torsion des Stengels von Psilotum Bernhardi, Rec.
trav. botan. néerl. 21, 1924, p. 1.
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forms of epidermis may occur moreover in one and the same stem next to
each other, when the underlying tissues differ locally, as in Equisetum.

- Special kinds of organs may be present in the epidermis: stomata and
hairs. Stomata are always present in such stems as are the chief photo-
synthetic part of the plant: Rhynia, Psilotum, Equisetum ; when the leaves
are well developed, stomata may be present (A4steroxylon) or they may be
lacking (Selaginella, probably in most Filicinae).

II. Cortex and ground-tissue. The tissue between the
epidermis and a monostele is called cortex; in the case of polystely the
internal limit of the cortex being vague, the term ground tissue which
includes the non-vascular part of the stele may be used instead.

The cortex may be homogeneous (Ophioglossum ), Lycopodium Sela-
go ?)) or it may be homogeneous for the greater part, with locally differ-
entiated other tissue parts (Marattia, parenchyma with mucilage ducts),
but usually the cortex is divided into an inner and outer, or even into three
concentric zones, the tissues of which are different in organization. Some
instances are: Psilotum, aerial stem: outer cortex chlorenchyma, middle
cortex sclerenchyma, inner cortex collenchyma; Asteroxylon, aerial leaf
stem: outer cortex of tangentially extended cells, inner cortex divided into
three layers: two zones of compact tissue and a zone of trabecular tissue
with large intercellular spaces in between.

In other cases the differentiation is not in concentric layers, but in
tangentially alternating tissue complexes (Equisetum, chlorenchyma and
so-called vallecular cavities).

The cortex moreover in all Pteridophytes, the leafless Rhyniaceae only
excepted, is traversed by the leaf-traces, sloping downward from the leaf
insertion towards the stele, usually rather steeply. In the Lepidophytes
these leaf-traces are accompanied at their abaxial side by a gutter-like half
sheath of a loose tissue, called the parichnos.

The innermost layer of the cortex 3) usually is of a particular organization
and is called the endodermis; in RAynia an endodermis is believed to have
been absent. Otherwise it often occurs in the form of a protective sheath
with Casparian strips.

In such cases where the vascular strands in the stele are separated by
large parenchyma complexes, the endodermis instead of surrounding the
whole stele may surround the individual strands separately (Equisetum
Heleocharis). In this case, which rather inappropriately has been termed
polystely, the cortex communicates with the pith without a definite

1) H. G. Horrg, Uber Bau und Entwickelung der Vegetationsorgane der
Ophioglosseen, Bot. Ztg 33, 1875, col. 241, see col. 246.

?) HEGELMAIER l.c. (f.n. p. 67), col. 796.

3) For the reason why this layer may be taken as the innermost cortex layer see
J. C. ScuouTg, Die Stelar-Theorie, Groningen 1902, Groningen und Jena 1903, on
p. 162.
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boundary. The normal case in contrast with polystely is called monostely.

In Equisetum hiemale and E. ramosissimum a most curious complication
has been observed by PFITZER in the rhizomes, consisting of the develop-
ment of narrow closed accessory endodermis sheaths, surrounding only a
limited amount of common parenchyma, and running in a longitudinal
direction between the normal bundles; usually one singly, rarely two or
three of them between two bundles.

These “Zwischenkernscheiden” as PFITZER calls them, may be either
free at both ends or they may unite at the upper or lower end to the normal
endodermis 1).

III. Stele. The stele is the most complex and the most variably
constructed part of the stem.

Its outermost cell layers — or in the case of polystely the outer layers of
its meristeles — almost invariably are parenchymatous and are called
the pericambium or pericycle.

Further it contains one or more vascular strands, composed of phloem
and xylem strands, and often smaller or larger parenchyma strands. In the
phloem and xylem strands a difference of organization may be present
between the first differentiated parts, the protophloem and protoxylem,
and the later differentiated metaphloem and metaxylem. The parenchyma
may form strands between the peripheral vascular strands, called medul-
lary commissures, and also a smaller or larger central massive strand, the
pith or medulla.

In the case of medullated monostely the external pith layer may be
differentiated as an internal endodermis (Equisetum hiemale).

The different arrangements of the several tissues in the stele have given
rise to an intricate (and for the greater part superfluous) stelar nomencla-
ture 2). Of these terms only a few will be used here, namely:

protostele = a monostele with a peripheral phloem and a central
massive xylem;

siphonostele = a medullated protostele wtih internal endodermis;

amphiphloic siphonostele = a siphonostele with a second phloem ring
inside the xylem;

solenostele = a siphonostele, perforated by scattered leaf-gaps;

dictyostele = a solenostele with more leaf- or other gaps, so as to show
more than one interruption on any transverse section;

meristele = the vascular parts of a dictyostele between twoneighbouring
gaps, appearing in transverse section as separate strands.

Before entering into a consideration of the diverse forms of stelar

) E. PritzER, Ueber die Schutzscheide der deutschen Equisetaceen, Jahr. f.
wiss. Bot. 6, 1867, p. 297, see p. 318.

?) See SCHOUTE, op.c. p. 144 and moreover F. J. MEYER, Die Stelartheorie und
die neuere Nomenklatur zur Beschreibung der Wasserleitungsbahnen der Pflanzen,
B.B.C. 33, 1, 1916, p. 129.
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structure in the different Pteridophyte groups, we may remark that as
far as is known all Pteridophytes in the sporeling start with a protostelic
stem. This fact has always been recognized as a proof of a phylogenetic
derivation of all Pteridophytes from protostelic ancestors.

Notwithstanding this common origin, the resulting stelar structures
in the adult plants are very divergent in the different groups. We shall
therefore begin by considering a number of representative forms. To shorten
the exposition only the distribution of the xylem will be dealt with, being
the best known and giving a sufficient idea of the whole stelar structure. A
comparison of the forms will follow afterwards.

a. Rhyniaceae. The stele in the Rhymiaceae is invariably a
protostele, in all stages of the life cycle. This fact, only recognized later, of
course has greatly corroborated the view, just mentioned, on the phylo-
genetic importance of the protostele. The organization of the protostele of
the Rhyniaceae is very simple, as it is quite cylindrical and as the xylem
only consists of tracheids without any parenchyma.

A difference between large tracheids at the outside and a central core of
smaller tracheids is to be noticed in RAynia major and in Hornea, not in
Rhynia Gwynne-Vaughani: notwithstanding the similar organization of
the larger and the smaller tracheids they are to be considered as proto- and
metaxylem, especially as in Horunea the inner tracheids sometimes are
found broken down inside the ring of intact larger tracheids. _

In contrast in the early Devonian Gosslingia the protoxylem surrounds
the metaxylem with a continuous cylindrical zone!); the conditions of
endarchy (Rhynia major) and exarchy (Gossiingia) therefore have both
been present in vascular plants as far as our record goes.

b. Asteroxylon. Intherhizomeand intheleaflesslateral branches,
bearing the sporangia, the stelar structure is much like that of Rhynia, a
central homogeneous xylem being present. In the leafy shoot however the
xylem becomes stellate; as the spaces between the longitudinal xylem
flanges are filled up with phloem tissue, the stele itself remains cylindrical.
At the peripheral edges these flanges are somewhat thickened and in the
centre of these thickenings an immersed protoxylem is present, the
tracheids of which are of the same construction as those of the metaxylem,
but smaller in size. In the young condition the protoxylem on which the
mesarch leaftraces are inserted has clearly been demonstrated to be
differentiated before the rest of the xylem.

c. Psilotaceae. Inthe young plant the stem is protostelic in Psi-
lotum as well as in Tmesipteris; in the leafless rhizome of Psilotum it seems
to lack a protoxylem. In the adult condition the stelar organization is

1) A. HEARrD, On old red sandstone plants showing structure, from Brecon
(South Wales), The Quarterly Journal of the Geological Society of London, 83,
1928 (volume for 1927), p. 195; see p. 199 and Pl. 13, fig. 7, Pl. 14, fig. 3, 7.
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rather different in the two genera; in Psilofum the xylem is exarch, with a
number of protoxylem strands, projecting from a tubular metaxylem mass
with a central medulla. In Tmesipteris there is a ring zone of separate
mesarch xylem strands, and sometimes one or a few similar strands in the
medulla.

Leaf-traces connect the sporophylls of Psilotum with the stelar proto-
xylem strands; the sterile leaves may have feeble traces or they may lack
them. Yet the stelar protoxylem strands are related totheleafarrangement.
Some distance under the leaf insertion (3-8 mm) the stelar xylem has a
prominent point, tapering slowly downwards 1), and the stelar protoxylem
strands more or less agree in number with that of theirregular leaf ortho-
stichies ).

d. Lycopodium. The sporeling begins either with a protocorm
without any stele, or it begins directly with a shoot; in the latter case a
protostele with 2—4 peripheral protoxylem strands is formed 2). In the
adult stem the peripheral protoxylem strands usually are more numerous;
the metaxylem may either form an irregularly fluted cylinder, the
anastomosing ridges being situated inside the protoxylem strands, or it
may form a small number of flat bands, extending vertically, parallel to
one another and lined at their edges by protoxylem strands; finally the
metaxylem may occupy the whole of the space inside the protoxylem
strands but for a number of irregular meshes 3).

In literature we find several indications of the relation between the stem
protoxylem strands and phyllotaxis 4). By the observations of these
authors it has been established that the leaf-traces do not run straight
downwards in the stele, but that every trace, before inserting on a stem
strand, may shift laterally in order to meet that strand; accordingly their
insertion on the strand may be either in the median plane or laterally.

The stem protoxylem strands on the whole follow a longitudinal course,
with some tangential undulations; they may freely unite and split during
their course. The number of these strands only corresponds in a very
rough way with the phyllotaxis. In Lycopodium Selago stems with pentamer-

1) C. NAGELI, Das Wachsthum des Stammes und der Wurzel bei den Gefass-
pflanzen und die Anordnung der Gefissstrange im Stengel, in: NAGELI, Beitr. z.
wiss. Botanik, 1, 1858, p. 1, see p. 52. '

?) F. J. MEYER, Die diaplektischen Leitbiindel der Lycopodien im Lichte der
vergleichenden Anatomie und der Paldobotanik nebst einem Ausblick auf die
iibrigen Pteridophyten, Engler’s Botan. Jahrb., 60, 1926, p. 317, see p. 324.

3) F. J. MEYER 1926, 1.c. p. 319.

1) C. NigeL1, Uber das Wachsthum des Gefassstammes, in: SCHLEIDEN und
NAGELL, Zeitschr. f. wiss. Botan., 3 und 4, 1846, p. 129, see p. 133; C. CRAMER,
Ueber Lycopodium Selago, in: NAGELI und CRAMER, Pflanzenphysiologische Un-
tersuchungen 3, 1855, p. 10, see p. 14, C. NAGELI l.c. 1858, p. 53; HEGELMAIER l.c.
(f.n. p. 67), col. 792.
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ous whorls often have five protoxylem strands, the variation going
from 4—6 or even up to 8; stems with tetramerous whorls usually have 4,
sometimes 5 or 6. So here for every two leaf orthostichies about one
protoxylem strand is present.

In Lycopodium alpinum on the other hand slender decussate stems
usually have four strands, sometimes 3, and in Lycopodium clavatum stems
with 4 4 5, 5 4 6, 6 7 systems have 10—17 strands, i.e. more than the
number of leaf orthostichies 1).

e. Selaginella. In the leafy stem many Selaginella spp. havea
flattened stele, the edges being turned towards the sides of the dorsiventral
stem. The stele is usually a protostele with two lateral protoxylem strands
to which the leaf-traces run, one strand receiving the left row of under and
upper traces, the other strand the right rows.

In other species the conditions may be different 2). In the first place the
xylem may become cylindrical and in many species at the same time
polyarch, with a number of protoxylems all around; moreover the central
metaxylem may be reduced so as to form a pith (S. spinosa, erect stem).

In the second place the xylem may become endarch instead of exarch
(S. spinosa, trailing stem).

In the third place the stem may become polystelic, with 2 or 3, sometimes
up to 12 meristeles (S. laevigata var. Lyallii, erect stem); at the branching
places of the stem all meristeles are connected.

Lastly the stele may become siphonostelic by the development of an
inner pericambium and endodermis around the pith, and if so, it may
develop an inner ridge at the dorsal side which may be separated from
the tube to form a new small “stele’” inside the pith of the normal one
(S. laevigata var. Lyallii, rhizome). _

The rhizophores always have one single protostele, but otherwise their
stelar structure may show remarkable differences in the different species 3).

In Selaginella Martensic and some other spp. the xylem is exarch and
monarch, the protoxylem strand being turned towards the abaxial side of
the rhizophore at its origin, but turned towards the dichotomy centre in

1) See foot-note 4 p. 71.

2) A. DE BARry op.c. (f.n. p. 66) p. 293; R. J. HArRvev-GiBson, Contributions
towards a knowledge of the anatomy of the genus Selaginella, Spr. [The stem],
Ann. of Bot. 8, 1894, p. 133.

) See: C. NAGeL1 und H. LeEITGEB, Entstehung und Wachsthum der Wurzeln,
in: C. NAGELI, Beitrage zur wiss. Botan, 4, 1868, p. 73, esp. p. 124; PH. VAN
TiecueM, Recherches sur la symétrie de structure des plantes vasculaires, Ann. d.
Sc. nat. 5th ser, 13, 1870/1, p. 1, esp. p. 88; R. J. HARVEY-GIBsoN, Contributions
towards a knowledge of the anatomy of the genus Selaginella, IV, The root, Ann.
of Bot. 16, 1902, p. 449; J. C. TH. UpHOF, Contributions towards a knowledge of the
anatomy of the genus Selaginella. The root. Ann. of Bot. 34, 1920, p. 493.
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its shanks ). This structure may be taken as a simplified stem stele, but
also as that of a simplified root stele; it is identical with that of the roots of
Selaginella and of Isoetes.

In S. atroviridis the metaxylem being crescentic, a number of proto-
xylem strands is to be found on the concave adaxial side 2); and in S.
Kraussiana '), S. Poultert and S. delicatissima 3) the stele is endarch like
that of Hornea. These cases are therefore like simple stem steles; for root
steles the structures would be quite out of the normal scheme, the more
remarkable as this root scheme is otherwise the same in all vascular plants.

These stelar structures, varying in about the same way as in the leafy
stem, all fit in with the view that the rhizophore is a modified stem; but
offer serious objections to the view that the rhizophore is a modified root 4).

/. Lepidophytes. The stelar xylem in all aerial stems is exarch
with a large number of projecting or flat protoxylem strands or with a
continuous protoxylem zone all around. The metaxylem may be solid, so
that the stele is a protostele, or it may contain a large parenchymatous
pith; in other cases there may be a “mixed pith”, consisting of inter-
mingled parenchyma and tracheids.

Little is known about the numerical relation between leaf orthostichies
and protoxylem strands: HIRMER reports that in Sigillaria elegans their
numbers seem to be equal ). The leaf-traces insert either at the top of the
ridges or laterally, at their flanks.

In the subterranean stem organs, the stigmarian axes, the xylem
sometimes is exarch too ), but in most cases the xylem is endarch, with a
great number of anastomosing protoxylem strands. The rootlet-traces,
which the present author considers to be leaf-traces, in order to reach the
protoxylem strands, in an endarch xylem have to pierce the secondary
and the metaxylem. As they are accompanied on their course by paren-
chyma strands, medullary commissures are present, in a phyllotactical
arrangement, like leaf-gaps.

g. Isoetes. In the stunted stem of this remarkable group the
anatomical differentiations are more or less reduced. According to LANG 7)

1) NAGeLrl und LEITGEB, l.c. p. 127.

?) HarvEY-G1BsoN, l.c. 1902 (f.n. p. 72) p. 457.
) HarvEv-GIBsoN, l.c. 1902, p. 460.

%) NAGeLI und LEITGEB, l.c. p. 126; Van TieGHEM l.c. (f.n. p. 72) p. 97 devotes
two pages to explain the anomalous case of S. Kraussiana and terminates by saying:
“L’anomalie signalée par MM. NAEGELI et LE1TGEB disparait ainsien s’expliquant.”’
As far as I see the facts are not so easily to be reasoned away.

%) HirMER op.c. (f.n. p. 66), p. 271.

¢ F.E. WEeiss, A Stigmaria with centripetal wood, Ann. of Bot. 22, 1908, p. 221.

) W. H. LaNG, Studies in the morphology of Isoetes. II. The analysis of the
stele of the shoot of Isoetes lacustris in the light of mature structure and apical
development. Mem. & Proc. Manchester Lit. & Phil. Soc. 59, 1914/15, no. 8.

3
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the zones inside the anomalous secondary tissue are to be homologized
to an outer primary phloem inside which a parenchymatous xylem sheath
and a strongly parenchymarized central xylem follow. For our comparison
the case is of little value.

h. Equisetum. The sporeling axis at first is protostelic, at least
partly; very soon however the peculiar adult structure sets in, consisting of
a number of leaf-traces, arranged on a c¢ylinder surface and connected at
the nodes to the lower leaf-traces by commissures.

The stelar leaf-traces consist of an internal protoxylem strand, oc-
curring in the internodes in the form of a canal with loose rings, the carinal
canal, and further somewhat more towards the stem periphery two lateral
metaxylem strands; at the nodes a somewhat larger amount of metaxylem
surrounds the protoxylem.

These conditions are to be found in the monostelic as well as in the
siphonostelic or the polystelic forms; the distribution of the sheaths does
not influence the vascular construction.

In the strobilus axis the protoxylem strands are rather irregularly
connected, forming sympodial strands in various ways. The amount of
metaxylem being much greater here, only irregularly distributed gaps in
the xylem cylinder remain.

7. Calamites. The stelar structure of Calamites is hardly different
from that of Equisetum ; the main difference is that the leaf-traces in some
forms descend over two internodes instead of over one, so that the number
of vascular bundles in any node is about twice that of the entering
traces.

j.Sphenophyllum. The stem of Sphenophylium has a protostele
with three large protoxylem strands at the periphery and a triangular
metaxylem in between. In some cases the three protoxylem strands are
double, so that there is an approach to hexarchy.

The leaves of Sphenophylium always being placed in superposed trimer-
ous whorls or in whorls with a multiple of three as number, the leaf-traces
enter before the protoxylem strands and insert on them.

k. Comparison of stelar structure in micro-
phyllous Pteridophytes.

1. Reduction of central part of xylem. A comparison
of the primitive Rhyniaceae with most higher developed microphyllous
Pteridophytes (Psilotaceae, Lycopodium, Lepidophytes, Isoetes, Equisetum,
Calamites) as well as a comparison of the sporeling structure with the
adult condition in these plants reveals us the fact that the central part of
the xylem is often more or less reduced.

This may begin with a development of living parenchyma cells between
the tracheids, so that a mixed pith is formed. No doubt this phenomenon
is connected with what BOWER has termed the size factor, bringing for
increasing xylem structures the necessity to increase their limiting surfaces
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in proportion to the cube of the linear dimension, not to the square 1).

Finally a wholly parenchymatous pith may be formed, a fact which
may be connected too with the same size factor, at least in part of the
cases, and moreover with the mechanical needs of the stem, a hollow cylin-
der being more stable than a solid core of the same weight, by its greater
diameter.

2. Arrangement of proto- and metaxylem. The
position of the protoxylem strands in the stem stele is remarkably varying.
In a number of cases these strands are situated at the xylem periphery
(Gosslingia, Psilotum, Lycopodium, Sphenophyllum), often even as out-
wardly projecting ridges.

In other cases the protoxylem is immerged in the metaxylem (4stero-
xylon, Tmesipteris) and in a very few cases it occupies a central position
(Rhynia major, Hornea). Moreover some plants have exarch and endarch
conditions realized in different parts or in different kinds of stems
(Selaginella spinosa, Lepidophytes).

It has often been held that the metaxylem inside the protoxylem, the
so-called centripetal wood, should belong to another morphologic and
phylogenetic category than the centrifugal wood outside the protoxylem 2).

In view of the above facts the distinction seems to lose much of its
importance, and perhaps the more simple suggestion may be advanced
that when for some unknown reason the protoxylem changes its position,
the metaxylem having to put up with the space left, is obliged to develop
in another direction.

3. Influence of leaf-traces. The presentauthor hasalready,
on several occasions, pleaded the view that leaf-traces are not given off
from the stele, but that on the contrary the stimulus inducing the traces is
decurrent from the leaf into the stem. This even holds good for the case
often occurring in Psilotum where a leaf-trace isnot developed in the cortex,
but the protoxylem ridge of the stele begins some mm under the leaf in-
sertion.

In support of this view which has been proved by von NAGELI in 1858 3),
many further facts may be alleged 4) and it has never been refuted in
literature. Now we may ask whether entering leaf-traces give rise to
changes in the stem stele. As a rule the protoxylem strands of the trace are

1) F. O. BOWER, Size and form, London 1930.
2) D. H. Sco1T, The old wood and the new, New Phytol. 1, 1902, p. 25.
%) NAGELI, l.c. (f.n. 4 on p. 71) p. 45.

4) J. C. ScHOUTE, Beitrage zur Blattstellungslehre II. Uber verastelte Baum-
farne und die Veristelung der Pteropsida im allgemeinen, Rec. trav. bot. néerl. 11,
1914, p. 93, see p. 156; O. PostHUMUS, On some principles of stelar morphology,
ibid. 21, 1924, p. 111, see p. 145, J. C. ScHouTE, On the foliar origin of the internal
stelar structure of the Marattiaceae, ibid. 23, 1926, p. 269, see p. 271; J. C. ScHoU-
TE, On pleiomery and meiomery in the flower, Ibid. 29, 1932, p. 164, see p. 214.
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to be followed over a certain distance in the stele, and usually they unite
with the stem protoxylem strands.

In examining the influence of these leaf-traces the first question to be
raised may be whether the stellate xylem of Asteroxylon owes its form to
leaf-trace influence.

The fact that there, where leaf-traces are absent, the xylem in Astero-
xylon is cylindrical (rhizome, peculiar axes) points in that direction; more-
over the fact that the xylem flanges always contain leaf-trace protoxylem
strands in their distal parts is in favour of that view.

A solution of this point will remain impossible as long as insufficient
data are available on the relation between phyllotaxis and flange dis-
tribution.

Unlike the case of the Filicinae, where often large leaf-gaps are to be
observed, the traces of microphyllous plants usually give no further
changes. This may partly be due to the fact that the leaf-traces are so
much weaker than in the Filicinae; small traces in ferns do not cause gaps
either. It may be connected, moreover, with the peripheral position of the
stem protoxylem in many forms, the union of trace and protoxylem oc-
curring at the outside.

When we look at the rare cases of endarch xylem we find that in the
trailing stem of Selaginella spinosa the small traces simply pierce the
metaxylem without causing any gaps!). In the stigmarian axes with cen-
trifugal wood on the other hand the rootlet-traces as described above cause
gaps.

JEFFREY once enounced the view %) that the microphyllous Pterido-
phytes only form ramular gaps, whereas the Ferns and Spermophytes
moreover in all cases form leaf-gaps. It has been long recognized since
that this generalization was too wide ®).

4. Stem xylem and leaf-trace xylem. PosTHUMUS makes
a theoretical distinction between the original cauline xylem as present in
Rhynia and the xylem which is formed under the influence of the entering
leaf-trace, categories which he distinguishes as the stem xylem and the leaf-
trace xylem 4).

The question rises whether and in how far this distinction may be
carried through, and whether is has a biological meaning. If we, for
instance, could show that the stem xylem was induced acropetally and
the leaf-trace xylem basipetally, then the distinction would be well
established.

') HarvEY-GiBsoN, l.c. (f.n. 2on p. 72) p. 172, PL. 9 fig. 37.

*) E.C. JerrrEY, The structure and development of the stem in the Pteridophyta
and Gymnosperms, Phil. Trans. 195, 1902, p. 119, see p. 144; Are there foliar gaps
in the Lycopsida? Botan. Gaz, 46, 1908, p. 241,

%) BOowER, op.c. 1935 (f.n. p. 67) p. 329.

4) PostHUMUS l.c. (f.n. p. 75) p. 155.
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For the protoxylem strands this question amounts to the alternative
whether the stem protoxylem strands are sympodia or not. When they are
cauline, like the central protoxylem is in RAynia major, their number may
beregulated in harmony with the size factor by acropetal splitting or union,
or perhaps by insertion of new strands between the others and by dis-
contination.

In such a way Lycopodium might satisfactorily be taken, the more or
less independent cauline protoxylem strands receiving the numerous leaf-
trace protoxylems from various sides. In other cases, however, there are
objections, namely when the distribution of these strands is regulated by
phyllotaxis.

When in Equisetum the number of strands is always equal to that of the
teeth of the next higher sheath, there is no doubt; in Equisetum all proto-
xylem strands are decurrent from leaf-traces, and the same holds good for
Calamites. When in Sphenophyllum the stem invariably is triarch and the
protoxylem strands always lie exactly under the leaf orthostichies, the
same conclusion presents itself. The root of Sphenophyllum is diarch or
tetrach, rarely triarch; this variation might return in the stem in case of
independency of the stem protoxylem strands.

Having thus on one hand RAynia with undoubtedly acropetal proto-
xylem and on the other hand Eguisetum and some others with a basipetal
leaf-trace protoxylem, most Pteridophytes are difficult to incorporate into
either of these groups; perhaps intermediate cases may also occur. Detailed
investigations about the existing conditions might possibly bring more light.

Turning now to the metaxylem we may begin with the remark that its
differentiation always proceeds from the protoxylem “poles’”’, as has even
been stated in Asteroxylon. But as differentiation and induction are quite
different processes this does not prove that the metaxylem is induced by
stimuli emanating from the protoxylem.

Yet there are indications that at least in some plant groups this latter
condition really occurs. Since in Equisetum the metaxylem is only to be
found in small quantities in a definite position with regard to the proto-
xylem, or since in some Lycopodium species the metaxylem occurs in
longitudinal plates always extending between protoxylem strands, we
cannot escape the conclusion that the metaxylem distribution depends on
that of the protoxylem.

For Sphenophyllum and for Asteroxylon the same conclusion may be
drawn for the outer part of the metaxylem, the flanges. Nothing can be
said, however, about the central core.

We come therefore to the general conclusion that the stem xylem which
phylogenetically no doubt was once independent and which was induced
acropetally, gradually may have come under the influence of the entering
leaf-traces, or in other terms that it may have become dependent for its
realization on stimuli emanating from these traces.
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In this way the distinction between stem and leaf-trace xylem, though
still being possible, looses much of its pregnancy.

One remark only remains to be made, namely that the stem stele, even
when it forms no xylem or any other tissues independently, yet keeps its
anatomical independence and importance; it acts as a recipient for leaf-
trace stimuli. These stimuli in their centripetal course on having reached
the stele, bend downward so as to induce the stelar vascular strands in
-their typical arrangement. This stele still develops in an acropetal way,
just as it does in Rhynia.

5. Polystely. From the above related facts it may be inferred that
the polystelic condition is only an unimportant departure from the normal
monostely. The term, framed by VAN TiEGHEM from the wrong idea of a
splitting of the stele, may be used as before, notwithstanding its origin.

I.Filicinae.

1. Reduction of central part of xylem. The phe-
nomena of reduction of the central part of the protostele xylem in Filicinae
are the exact counterpart of those in the microphyllous Pteridophytes;ina
number of cases a mixed pith has been described!), and this may lead
towards a complete medullation. There is, however, one complication,
namely that a medulla may also be arrived at by fusion of leaf-gaps, as
will be discussed below; a medullation independent from leaf-gaps is to
be met with in most Osmundaceae, in Gleichenia pectinata and in the
Hymenophyllaceae ?).

2. Arrangement of proto- and metaxylem. Proto-
xylem strands are not always present in the stem stele. As TANSLEY and
Luruawm write: “spiral protoxylems of many Ferns are confined to the leaf
and are absent in the stem altogether” 3); this is the case in the Hymeno-
phyllaceae, the Schizacaceae and according to PosTHUMUS for instance in
Platyzoma %).

In many other cases the strands from the leaf-traces run down in the
stem stele over a certain distance and then die out (e.g. in most Osmunda-
ceae %)). In ferns with an internal system the protoxylem strands may run
down in the inner meristeles, as in Cyathea moluccana (= Brunonis) ¢) and

') For examples see BOWER op.c. 1935 (f.n. p. 67), p. 334.

) PostHUMUS l.c. 1924 (f.n. p. 75), p. 155, 163; O. PosTHUMUS, On the anatomy
of the Hymenophyllaceae and the Schizaeaceae and some additional remarks on
stelar morphology, Rec. trav. bot. néerl. 23, 1926, p. 94, see p. 102.

%) "A. G. TaNsLEY and R. B. J. LuLHAM, A study of the vascular system of Ma-
tonia pectinata, Ann. of Bot. 19, 1905, p. 475, see p. 503.

"4 PosTHUMUS l.c. 1924 p. 166.

%) PostHUMUS l.c. 1924, p. 115-139.

¢) D. T. GWYNNE-VAUGHAN, Observations on the anatomy of solenostelic ferns,
I1, Ann. of Bot. 17, 1903, p. 689, see p. 708.
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in Matonia pectinata'). In the normal outer dictyostele they often fuse
with strands from lower traces and so form sympodial strands {e.g. in
Gleichenia pectinata 2)).

The position of these protoxylem strands in the stem xylem is described
by TANSLEY and LurHAM in the following words: “The exact position of
the spiral protoxylems in relation to the metaxylem of the vascular
strands of the stem is decidedly variable. Exarchy, endarchy, and me-
sarchy are all found within comparatively small groups, and the actual
course of evolution seems to affect the position of the protoxylems much
more freely and rapidly than in the other great groups of vascular plants’’3).

Whether the stem stele sometimes may form protoxylem-strands other
than those from leaf-traces has not been established. TANSLEY and LuL-
HAM write: “spiral protoxylems in the stems of Ferns are always....
continuous with those of the petiole. In those cases in which there is no
spiral protoxylem in the stem there may be a localized non-spiral proto-
xylem-band round the stele, which is exarch (Loxsoma, various Davalliae,
&.) or endarch (Schizaea malaccana), but which has no connection with the
leaf protoxylem; or the differentiation of tracheids may be more or less
irregular (Gymnogramme, Lindsaya, etc.)” 3).

So we see that, notwithstanding the fact that distinct protoxylem strands
always seem to be foliar, there may be a more vague band of protoxylem
belonging to the stem proper.

About the distribution of the metaxylem little need be said after the
above remarks. Some factors influencing this distribution are the medul-
lation, the development of a stellate xylem and the leaf-gap formation;
for the last-named factors see below sub 3.

3. Influence of leaf-traces. Inthefirst place we may again
ask whether a stellate stem xylem may owe its form to the influence of
leaf-traces. Stellate xylems occur in the family of Clepsydropsidaceae. As in
the case of Asteroxylon the xylem flanges in their distal parts contain
protoxylem strands on which the leaf-traces insert.

In Ankyropteris Grayi the correspondence between the phyllotaxis and
the flange distribution is very conspicuous 4); evidently the flange for-
mation is ruled here by the leaf distribution.

In Asterochlaena and in Asteropteris both phyllotaxis and stele con-
struction being more complicated, the relation between the two phenomena
is not clear.

In these plants not only the stem xylem is stellate, but the whole stele
assumes the same form, in contrast with the condition in Asteroxylon.

1

) TaNsLEY and LuLHAM, l.c. (f.n. p. 78), p. 505.
?) PostHUMUS l.c. 1924, p. 163.
%) See foot-note 3 p. 76.

) D. H. ScorT, Studies in fossil botany, 3rd ed., I, London 1920.

4
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In the second place the leaf-gap formation has to be considered. The
small traces of the first leaves in the sporeling usually insert on the stem
stele without causing any gaps. The higher and larger traces however
gradually begin to do so, as has already been described in great detail
by DE Bary ).

About the processes going on during the formation of a leaf-gap, the
following set of suppositions has been made by PosTHUMUS, suppositions
which may be held to be the most satisfactory in the field 2).

The leaf-trace in the Filicinae is composed of the united downward ex-
tensions of a number of elementary pinna-traces, each originally consisting
of an endodermis, a pericycle, a cylindrical phloem and inside a mesarch
xylem strand. These bundles may be simply united by juxtaposition, but
in their further course their constituent parts usually fuse, up to the proto-
xylems, so that in the petiole the number of protoxylem strands may be
small.

At the adaxial side of any protoxylem strand the formation of meta-
xylem is inhibited by some unknown influence over a certain area, de-
pendent on the strength of the protoxylem strand; the procambial elements
which might have formed the metaxylem then differentiate as parenchyma,
casu quo as phloem or as sheath tissue.

A small protoxylem strand in a mesarch xylem therefore will be ac-
companied by a downward tapering parenchyma funnel inside the tubular
metaxylem; a larger protoxylem strand will lie in a gutter-shaped meta-
xylem, the concavity falling towards the adaxial side.

When in a leaf-trace the parenchyma strand accompanying the proto-
xylem ends before the stem stele is reached, no interruption in the latter is
formed (Thammnopteris Schlechtendali ®)); when it is continued further
down, a depression in the stem xylem ensues, or a funnel-shaped pocket.
The pockets caused by different leaf-traces may remain separate, but
when extending far enough they will unite and a pith will be formed in
this way (Polypodiaceae, Cyatheaceae %), Schizaeaceae %)). The xylem being
reduced in this way unto a hollow cylinder, the free parts of the pockets
will appear as gaps in the cylinder, as leaf-gaps.

When in other forms a pith has been formed already by reduction of
the central xylem part, the funnels will pierce the hollow xylem cylinder
and cause analogous leaf-gaps ¢).

These are the views of PosTHUMUS which will be adopted here. For a
different conception of the relation between leaf-trace and stem stele the

-

) DE Bary, op.c. (f.n. p. 66), p. 294.
) PostHuMus l.c. 1924, Ch. 1.

) Postumusl.c. 1924, p. 118, fig. 1.
)

)

)

0

@

-

PosTHUMUS l.c. 1924, p. 280.
Postuumus l.c. 1926 (f.n. p. 78), p. 102.
PostrUMUS l.c. 1924, p. 278.

o
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reader may be referred to the excellent survey given by TANSLEY ). It
may be remarked however that TANSLEY could not fail to recognize “the
fact, which seems to be indisputable, that the leaf-trace leads, and the
stele follows, in the course of evolution” 2).

In a number of ferns where a pith is present, the stelar structureis
complicated by the formation of an “internal structure”, i.e. of additional
vascular strands in the pith 3). This internal structure is due to the in-
fluence of leaf-traces too, but in the details the mode of origin may be
brought about in two different ways.

In the first place the internal structure may be due to the fact that
the leaf-traces only partly unite to the dictyostele, part of their strands
which already in the petiole occupy a more or less internal position directly
running into the pith through the leaf-gap. This condition is realized in the
Cyatheae %) were the leaf-traces are provided with two lateral inward folds
and the strands of these folds pass into the pith, in which they may either
form an inextricable network (Hemitelia capensis®)) or they may end blindly
(Cyathea moluccana (= Brunonis 8)). Such a leaf-trace course may be ex-
plained by assuming that the peripheral strands of any leaf-trace being
accompanied by a hollow continuous parenchyma cylinder inside the
strands, the central petiolar strands are forced toremain inside this paren-
chyma cylinder and so have to enter into the pith.

In the second place the leaf-traces may unite wholly to the dictyostele,
but ontheir downward course in the dictyostele they may abut on lower
leaf-gaps and may be forced by the parenchyma strands passing through
these leaf-gaps to turn inward. These continued leaf-traces, as I have
termed them 7), when long enough, may unite and form a complex similar
to that in the sporeling axis, a replica of the first protostele; the cylindrical
form of this inner protostele being due to the fact that the inhibition zone of
the outer dictyostele constitutes a parenchyma tube inside which the
continued leaf-traces are compelled to run. When still stronger the con-
tinued leaf-traces begin to cause gaps in this “inner stele’” and so a second
dictyostele is built up, in which a third system may be formed, and so on.

1) A. G. TANSLEY, Lectures on the evolution of the Filicinean vascular system,
New Phytol., 6, 1907, p. 25, 53, 109, 135, 148, 187, 219, 253; 7, 1908, p. 1, 29. Issued
in book-form as New Phytologist Reprint 1908.

?) TANSLEY, New Phytologist, 1908, p. 2.

%) ScHOUTE l.c. 1926 (f.n. p. 75), with quotations of literature; see moreover
TansLEY l.c. 1907, p. 193; F. O. BowEr, The Ferns, Cambridge I, 1923 (p. 151), II,
Cambridge 1926 (p. 101).

4) TANsLEY l.c. 1907, p. 223; PostHUuMUSs l.c. 1924, p. 258.

8 G. MetTENIUS, Uber den Bau von Amngiopteris, Abh. math. phys. Cl. K.
Sachs. Ges. d. Wiss., 6, 1864, p. 501 see p. 525.

%) D. T. GWYNNE-VAUGHAN, l.c. (f.n. p. 78), p. 708.

7} ScHOUTE, l.c. 1926, p. 274.

Manual of Pteridology 6



82 J. C. SCHOUTE, ANATOMY

TANSLEY proposes the term polycycly ) for the presence of internal
systems, whether consisting of concentric cylinders or of scattered strands.
As the term is very useful for the former case and does not apply very well
to the scattered strands of the Cyatheae, it will be used here in the limited
sense of only indicating the presence of concentric vascular structures.

This polycycly is to be found in several groups of Filicinae, in Eu-
as well as in Leptosporangiatae. Evidently it is of a polyphyletic origin and
the similarity of the phenomena is due to the development along the same
lines; it is obvious that its importance for the plant, like that of the internal
system of the Cyatheae, is to be found in the increase of the internal ex-
changing surface between vascular tissue and parenchyma, according to
BoOwER’s size factor.

It occurs in all Marattiaceae ?) and in Psaronius 3); in some Polypo-

1) TANSLEY l.c. 1907, p. 193.

?) TANSLEY,l.c. 1907, p. 227; SCHOUTE, l.c. 1926.

%) Our detailed knowledge of the stelar structure of Psaronius has been founded
by K. G. STENZEL (Uber die Staarsteine, Nova Acta 24, 1854, p. 753; Psaronius in:
“H. von MEYER, Palaeontographica, Beitrige zur Naturgeschichte der Vorwelt,
12, H. R. GOEPPERT, Die fossile Flora der Permischen Formation, Cassel 1864/°65”,
p- 46; Die Psaronien, Beobachtungen und Betrachtungen, in: Beitrige zur Paldon-
tologie und Geologie Osterreich-Ungarns und des Orients, 19, 1906, p. 85); R.
ZEILLER (Bassin houiller et permien d’Autun en d’Epinac, 2, Flore fossile 1, in:
Etudes des gites minéraux de la France, 1890, see p-178); K. RuporprH (Psaronien
und Marattiaceen, Denkschr. k. Akad. d. Wiss. Wien, math. naturw. Kl. 78, 1906,
p. 165).

HIirMER in his hand-book (op.c. 1927 (f.n. p. 66) see p. 545) gives an elaborate
and thorough description of the anatomical facts known about Psaronius. In his
text as well as in his diagrams, however, some misconceptions have crept in which
may tend to cause confusion.

The least harmful of these errors is that in Psaronius infarctus a difference is
assumed between two kinds of dictyosteles, as every first, third, fifth etc. dictyo-
stele is supposed to have no relation to the continued leaf-traces which only attach
to the second, fourth etc. (op.c. p. 559 and fig. 680).

As Ps. infarctus, described and pictured from one single specimen by ZEILLER
(op.c. p. 208) and afterwards elucidated from ZEILLER’ figures with perfect clearness
by RupoLrrH (l.c. p. 177, Pl. 2, fig. 1), belongs to the best known Psaronii, we are in
the position to state that Ps. infarctus in no way differs from the ordinary scheme
and that HIRMER’s fig. 680 should be cancelled.

More important are two independent errors, expressed in fig. 674, representing
the bundle course in Ps. Ungeri, after STENZEL’s drawings. HIRMER gives a radial
section through a cylindrical stem part, and delineates a number of obconical
dictyosteles, the one within the other. All these dictyosteles are represented as
abutting free on the stelar surface; in a superficially tangential section through the
stele we therefore should have met with all dictyosteles.

From the description given above it must be clear however, that the outer
bundles of the whole stele, from its formation in the sporeling up to its last stages
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diaceae (Saccoloma elegans, S. domingense, S. inaequalel); Dennstaedtia

in the vegetative cone, form one single mesh-work. This is not only the case in all
Mavattiaceae, and not only must it be so on theoretical grounds, but it has been
stated directly by ZEILLER for Ps. infarctus (op.c. p. 183, Pl. 15, fig. 2).

The dictyosteles never are obconical in a cylindrical part of a stem; an obconical
shape of the dictyosteles, as drawn for instance by METTENIUS for Amngiopteris
evecta (l.c. Pl. 2, fig. 1) only occurs in an
obconical part of a stem; in general all
dictyosteles are parallel to the stem surface,
as has been fully realized by ZEILLER (op.c.

p. 178) and by RuporpH (l.c. p. 178).

In the second place the dictyosteles in
HirMER’s diagram reach farther down at
one side than at the other side, all longer
ends being situated at the same stem side,
between two leaf orthostichies. For such
an assumption which presents great dif-
ficulties for mental picturization, there is
no evidence.

A last point to be mentioned here does
not concern a diagram but only a state-
ment in the text: HIRMER assumes that in
Psaronit with a spiral phyllotaxis the dicty-
osteles together constitute a conical spiral,

a conical winding-staircase. This againis a
mistake; in a case of spiral phyllotaxis the
dictyosteles are parallel to the surface as
in other cases. In Marattia with a main
series phyllotaxis the dictyosteles are quite
independent, and the same is to be found : I
tudinally halved polycyclic stem. 1—7

in other Mafattmceae. ) = leaf-traces and continued leaf-traces
The opinion of HIRMER is based on of seven leaves, all placed in a single

Psavonius Demolet of which ZEILLER gave orthostichy.

drawings (op.c. Pl. 24) of transverse

sections; these drawings do not allow a sufficient analysis of the stelar structure.
For the sake of clearness it may be advisable to substitute a new diagram of

a longitudinal section through a stele with internal structure of the kind treated

here. Our fig. 1 may be taken as a trial; it has been kept as simple as possible so as

to be applicable not only to all Psaronii but also to all other polycyclic Filicinae.

It represents a stem part, obconical in its lower and cylindrical in its upper half; at

the top a half transverse section has been added. The leaves are supposed to be

Fic. 1. Diagram of basal part of longi-

arranged in one single orthostichy, a case never realized in nature, and the number
of dictyosteles is limited to three. The leaf-traces are represented in white, the
“stem xylem’ in black. The description of the general features in the text will
further sufficiently explain the diagram.

1) PosTHUMUS l.c. 1924 (f.n. p. 75) p. 219. H. KARSTEN, quoted there, has been
the first to understand the structure of a polycyclic stele (1847).
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cornuta, D. rubiginosa, D. rufescens); Pteris Kunzeana?); Acrostichum
aureum 3), in the latter case combined with the direct entering of some
trace strands through the leaf-gap into the pith as in the Cyatheae); in the
Cyatheaceae in Thyrsopteris 4) and finally among the Matoniaceae in Ma-
tonia pectinata ).

In literature the internal structures nearly always are described as
running in an acropetal direction. The fact that the regularity of distri-
bution of the internal strands is perfect in the outermost dictyostele and
gradually diminishes towards the innermost dictyostele clearly proves that
here, as elsewhere, the stimuli inducing the strands must have been basipe-
tal; when as is often done the continued leaf-traces are described as repar-
atory strands, arising from the inner systems and closing the leaf-gaps in
the outer systems, this is not in harmony with their actual origin.

4. Stem xylem and leaftrace xylem. Asin the case of
the microphyllous Pteridophytes we have to face the question whether all
stelar xylem masses are to be taken as foliar xylem, as originated under the
influence of the entering leaf-traces, or whether the original stem xylem
still plays a réle in the xylem formation.

PosTHUMUS answers this question in the latter sense ¢); according to
him the stelar xylem for the greater part is stem xylem, the leaf-trace
xylem only being present in the downward continuation of the leaf-traces.

On a former occasion 7) I advocated the reverse view, that only leaf-
trace xylem in the fern stem may be left, especially on account of the
curious distribution the stem xylem remnants, postulated by PostHuMUS,
would be subject to in polycyclic stems.

So I am led to the following suppositions. In the Ferns the original
Pteridophyte stele with its external sheaths, its phloem and its central
solid xylem has been reduced into a merely topographical tissue column,
acting as a recipient for leaf-traces, but without any tissue differentiation
of its own. In this stele the leaf-traces once having entered bend down-
wards, so that all traces are arranged on a cylinder surface, indicating the
stelar form.

The traces further act like organisers in this organization field, inducing
the differentiation of protophloem and protoxylem, and also of all other
vascular tissues next to these strands.

When a certain amount of xylem is to be formed in a narrow stele, a

} PostHUMUS l.c. 1924, p. 224.

) PostHUMUS l.c. 1924, p. 240. .

) PostHUMUS l.c. 1924, p. 247.
4) PostHUMUS l.c. 1924, p. 258.

) TANSLEY l.c. 1907, p. 196.

) PostHUMUS l.c. 1924, p. 155.

) ScHOUTE l.c. 1926 (f.n. p. 75), p. 294.
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protostele ensues; when the stele is larger, xylem will only be differentiated
in the neighbourhood of the leaf-traces and a pith will remain in the central
part (reduction of central xylem part).

In polycyclic ferns the traces abutting on lower leaf-gaps are continued
into the pith; here they may only be formed inside the parenchyma tube
accompanying the dictyostele and therefore are arranged anew on a
cylinder surface. Here a second vascular cylinder may be formed by their
inducing power and further cylinders may be formed in the same way.

IV. Origin of primary organization. The main
stem of the plant arises exogenously in the embryo; its epidermis and
cortex are connected to the outer cell layer and to the ground tissue of the
embryo, its stele is formed in connection with that of the primary root.

Branches formed by dichotomy always derive their epidermis, cortex
and stele from the corresponding tissues of the podium, the stele dividing
in the same way as the whole stem; in lateral branches the tissue systems
are nearly always of the same origin. It is only in small lateral and in
adventitious branches that departures from this scheme may be found,
though this is not general.

In Rhynia Gwynne-Vaughani the adventitious branches arising under a
stoma form only their epidermis and cortex from the corresponding tissues
of the main stem; the stele is formed anew somewhat higher up ). In the
bulbils of Lycopodium, where the bud-trace is of about the same size as a
leaf-trace 2) and in Dryopteris I'ilix-mas where the connection between the
bud stele and the leaf-base stele is brought about in very different ways 3),
we get the impression that the bud stele is formed independently and after-
wards is connected to the vascular strands of the parent organ.

One point remains to be dealt with here, the occurrence of the so-called
ramular gaps. In equally or unequally dichotomizing stems the stele of both
shanks may sometimes show a large interruption in its vascular tissues at
the side turned towards the other shank. This interruption has been termed
ramular gap by JEFFREY, as a counterpart to the old term “Blattliicke”.

These ramular gaps may be present in microphyllous as well as in mega-
phyllous plants, but they may equally be absent in both groups. They have
been pictured for instance in Lepidodendron %) and in Osmunda cinna-

1) R. KipstoN and W. H. LANG, On old red sandstone plants showing structure,
from the Rhynie Chert Bed, Aberdeenshire. I. Rhynia Gwynne-Vaughant, Kidston
and Lang, Trans. Roy. Soc. Edinburgh, 51, p. 761, see p. 775.

2) R. WiLsonN SwmitH, Bulbils of Lycopodium lucidulum, Bot. Gaz. 69, 1920, p.
426.

3 K. G. StenzeLr, Untersuchungen iiber Bau und Wachsthum der Farne. II,
Uber Verjiingungserscheinungen bei den Farnen, Nova Acta 28, 1861, p. 3.

4 W. C. WiLLiaMsoN, On the organization of the fossil plants of the Coal-~
measures, 3, Lycopodiaceae (continued), Phil. Trans. London, 162, 1873, p. 283,
see Pl. 43, fig. 19.
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momea 1), but they are lacking in Lycopodium 2), in Todea barbara and,
in some cases, in Osmunda cinnamomea too %). A closer investigation of
these phenomena and if possible of their underlying causes might be of
great advantage for our knowledge of stelar structures.

B. Secondary tissue formation.

The distinction between primary and secondary tissues in most cases is
quite clean-cut and nobody will have any difficulty in determining whether
a tissue is primary or secondary.

In transitional cases it appears that the distinction, however natural it
may be, is not so easily formulated. On a former occasion %) I came to the
conclusion that the best division principle is to be found in the origin of the
tissue cells before or after the close of the longitudinal growth; on the
whole I still cling to that view, though recognizing that the diffuse thicken-
ing growth of palm stems would require another division principle if we
want to take it as secondary growth 9).

In Pteridophytes undeniable secondary tissue formation takes place:
secondary cork tissue formation in the Lepidophytes, Sphenophyllum,
Calamites, Botrychioxylon, Botrychium ®) and Helminthostachys®), and
formation of secondary phloem and xylem in the same cases 7) with the
addition of Isoefes.

Moreover the formation of secondary xylem has been described by
BoobpiLE in Psilotum 8) and by CORMACK in Equisetum. With respect to
Psilotum 1 might remark that from BooDLE’s decription it is clear that
the so-called secondary tracheids are only late in their differentiation, but
that they have been formed simultaneously with the surrounding cellular-
elements; according to the above definition they are therefore primary.
In Equisetum the secondary nature of the nodal wood, claimed by Cogr-
MACK, has been rightly refuted by BARRATT 9).

I. Secondary cork tissue formation. The sec-
ondary cork tissue formation in Sphenophylium, Calamites, and where

1y JEFFREY, l.c. 1902, (f.n. p. 76), p. 123.

) CRAMER, l.c. (f.n. p. 71), PL 31, fig. 1-10; MEYER L.c. 1926 (f.n. p. 71), PL. 12,
3) JEFFREY, l.c. 1902, p. 124, 125.

4 J. C. ScuHoute, Uber Zellteilungsvorgange im Cambium, Verh. Kon. Ak. v.
Wet. Amsterdam, 2nd sect. 9, 4, 1902, see p. 56.

8) J. C. SCHOUTE, Uber das Dickenwachstum der Palmen, Ann. d. Buitenzorg 26,
1912, p. 1, see p. 203.

%) Pu. Van TiEGHEM, Sur quelques points de l’anatomie des Cryptogames
vasculaires, Bull. Soc. bot. de France, 30, 1883, p. 169, see p. 170.

?) Van TIEGHEM, L.c. p. 171.

8 L. A. BoopLE, On the occurrence of secondary xylem in Psilotum, Ann. of
Bot. 18, 1904, 0. 505.

?) K. BARRATT, A contribution to our knowledge of the vascular system of the
genus Equisetum, Ann. of Bot. 34, 1920, p. 201, see p. 217.

2
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present in the Filicinae, has hardly any remarkable features: it is formed
by a phellogen, arising in the epidermis in Botrychium '), in the outer
cortex in Botrychioxylon, in the innermost cortex, or afterwards in the
secondary phloem, in Sphenophylium and in Calamites.

It always consists of radially arranged phellem cells, being suberized
periderm in Botrychium and prcbably also in the fossils. A formation of
phelloderm has as far as I know only been described in Botrychium by
Vax TIEGHEM.

It is only in the Lepidophytes that the secondary cork tissue shows a
much higher development, following a course of evolution not known to
exist in any other recent or extinct plant.

The phellogen in these plants arose in the outer cortex, often im-
mediately under the leaf-cushion zone, or else somewhat deeper in the
outer cortex ?). Its products consisted either of fibres only, or of fibres
intermixed with parenchyma, as a consequence of the chambering of
part of the fibres by transverse walls.

Whether real periderm occurred at the outside in small quantity is
unknown; in any case the bulk of the tissue consisted of living cells. And
as the fibres were more or less thick-walled, sometimes in a way reminiscent
of collenchyma 3), the tissue no doubt had a mechanical function; by its
bulk and position it is generally even held to have constituted the chief
mechanical tissue of the stem. On account of its peculiar differentiation it
has been termed peridermoid by KUBART 4%); this rather meaningless term
might perhaps better be replaced by secondary collenchyma.

The determination of the exact place of the phellogen in the secondary
tissue has given much trouble to a number of investigators (WILLIAMSON,
SoLms-LAUBACH, BERTRAND, HOVELACQUE, ARBER and THOMAS, SEWARD,
KiscH %), for quotations of titles see the last mentioned author). The
phellogen itself usually being not very clear in the slides, the authors tried
to determine its position from the occurrence of a zone with thin tangential
walls and radially short cells, or from the occurrence of zones of least
resistance, as illustrated by lines of split.

As a result the common opinion nowadays is that the phellogen was
situated near the outer periphery of the secondary tissue, in other words

1} Van TIEGHEM, l.c. p. 170.

2) M. H. KiscH, The physiological anatomy of the periderm of fossil Lycopo-
diales, Ann. of Bot. 27, 1913, p. 281, see p. 287.

3) KiscH l.c. p. 301, J. WaLTON, Scottish lower carboniferous plants: the fossil
hollow trees of Arran and their branches (Lepidophloios Witnschianus Carruthers),
Trans. Roy. Soc. Edinburgh 58, 1935, p. 313, see p. 327.

4 B. KUBART, Stigmaria Bgt., Mitth. naturw. Ver. Steiermark, 71, 1934, p. 33,
see p. 35.

%) KiscH, l.c.
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that little phellem was formed to the outside, but a good deal of phelloderm
to the inside 1); the stigmarian part of the plants only were excepted, by
having an internal phellogen.

The thorough survey of the facts as given by KiscH, and several ob-
servations by former investigators, make it probable however that this
opinion must be revised, and it is not impossible that the development in
all cases was centripetal. It has namely been recognized in several cases
that the phellogen was not initial-celled but of polygenous origin ), i.e.
arose in more than one tangential row of primary cells. Thishasbeenclearly
demonstrated by KiscH 3).

In later stages the phellogen evidently often followed the same line, in so
far as it continued to absorb fresh primary cortex cell rows, i.e. was
often a transition cambium. This has been observed very clearly by
HovELACQUE in Lepidodendron selaginoides %), and is to be seen in
several drawings in literature as for instance by WILLIAMSON %) and by
KiscH ¢); it may account for the very irregular inner outline of the sec-
ondary tissue which often invaded much further into the cortex on one
side than on another side next to it 7). For an initial-celled phellogen such
an irregular boundary might not have been expected.

When actually the phellogen in most cases was a transition cambium, it
is quite natural that it often is not clear in the slides, as the rows of dividing
cells may have stopped their activity before new rows began. The con-
troversies in literature about the position of the phellogen may be partly
due to this circumstance; moreover it seems certain that in many cases
the adult tissues gave rise to renewed growth and renewed divisions #).

1) HirRMER introduces the new terms exophelloderm for phellem and endophel-
loderm for phelloderm (HIRMER op.c. 1927, p. 216). As phellem and phelloderm
are already neutral terms indicating the tissues formed to the outside and to the
inside of the phellogen, irrespective of their differentiation, there seems no reason
for this introduction.

) For the terms polygenous origin and transition cambium see SCHOUTE in
J. J. BEYER, Die Vermehrung der radialen Reihen im Cambium, Rec. trav. bot.
néerl. 24, 1927, p. 631, see p. 649.

%) Kisch, l.c. p. 291, fig. 5.

4) M. HoVELACQUE, Recherches sur le Lepidodendron selaginoides Sternb., Mém.
Soc. Linn. de Normandie, 17, 1892, p. 1, see p. 158.

5) W. C. WILLIAMSON, A monograph on the morphology and histology of Stig-
maria ficoides, The Palaeontographical Soc., Volume for the year 1886, London
1887, see Pl. 6, fig. 9, 45; P1. 8 fig. 22.

%) Kisch, l.c. Pl. 24, fig. 2, zone c.

) W. C. WiLLiaMSON, On the organization of the fossil plants of the Coal-
measures, 11, Lycopodiaceae: Lepidodendva and Sigillariae, Phil. Trans. London,
162, 1873, p. 197, see P1. 30. fig. 41; WiLLiaMsoN l.c. 1887 (f.n. 5above), P1. 8, fig. 15.

8) Kisch, l.c. p. 299.
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The principal argument for the assumption of a transition phellogen
however is furnished by the dilatation phenomena in the secondary tissue,
a topic which has rarely been mentioned in the pertaining papers. Only
HIRMER remarks 1) that “bei mehr und mehr zunehmenden Stelendurch-
messer von innen heraus ein allméhlich unertraglicher Druck gegen die ge-
samten fester gebauten Rindenpartien stattfinden [musste], wenn nicht
tangential-dehnungsfihige Elemente in radialer Anordnung entsprechend
eingefiigt wiren”. HIRMER gives an elaborate diagram of the stem of
Lepidodendyon vasculare (= selaginoides) to explain the prevailing con-
ditions. )

Against this view of HIRMER I might remark, that a dilatating action by
the expanding stele could only influence the secondary cork tissue after the
soft inner cortex had been wholly crushed. Moreover the influence of this
action would be strongest in the oldest innermost phelloderm parts and
gradually diminish towards the peripheral phellogen.

The dilatation phenomena actually observed are quite different; what
we observe is a strong dilatation of the outer secondary cork tissue zones,
diminishing and finally disappearing towards the inner edge and giving
rise in the outer zones to the so-called Dictyoxylon structure, i.e. the for-
mation of a network of radially undulating fibre rows, filled up by pa-
renchyma.

This condition has been clearly described and pictured by RENAULT for
Lepidodendron Rhodummnense ?) and by Kiscu for Lepidodendron brevifo-
ltum 3); in the latter case the dilatation wedges even reached into the
cortex outside the secondary tissue. It is moreover to be seen perfectly
clearly in some figures by WILLIAMSON 4).

In other cases the secondary cork tissue evidently was dilatated as
a whole by the stele, after the crushing of the inner cortex; the tissue
dilatation then, though stronger in the outer layers, is clearly visible in the
internal parts too %).

KiscH supposes ¢) that the strong dilatation in the outer zones might be

1) HIRMER op.c. 1927, p. 216.

?) B. RENAULT, Structure comparée de quelques tiges de la flore carbonifére,
Nouv. Arch. du Mus. d’Hist. Nat. 2nd ser, 2, 1879, p. 213, see p. 252 and especially
Pl. 10, fig. 6, 9—14.

%) KiscH, l.c. p. 308.

4) WILLIAMSON op.c. 1887 (f.n. p. 88), PL. 8, fig. 23, 24.

5) Described for Sigillaria spinulosa in: B. RENAULT, Recherches sur les végé-
taux silicifiés d’Autun, Etude du Sigillavia spinulosa, par MM. B. RENAULT et
GrRAND’EURY, Mém. prés. par divers savants a I’Acad. d. Sc. de I'Inst. Nat. de
France, 22, 9, 1876, see especially the half schematic drawings Pl. 1, fig. 5, Pl. 4,
fig. 20-22 for the general dilatation, and fig. 23 and its explanation for the gradual
difference between inner and outer part.

%) Kisch, l.c. p. 308.
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explained by the assumption of a formation of small meshes in the inner
zones by the cambium in its first stages, and of large meshes in the outer
zones afterwards; all observation of the analogous phenomena in recent
plants however militates against such a view.

A secondary zone with a cambium at its outer boundary can never be
subject to dilatation by its own growth; when it shows dilatation this must
be due to a pressure from within. In such a case the phenomena must be
greatest in the inner strata, and must gradually diminish towards the
outside.

A cambium inside a hollow cylinder on the other hand, even if the
cylinder were empty, will give rise to dilatation phenomena by the mutual
pressure which the turgescent cambium elements exert on each other in a
tangential direction. The consequences of such a dilatation must be strong-
est in the oldest external strata and gradually diminish, finally disappear,
in the youngest inner strata.

Of course the conditions may have been different in the different genera
and species: yet we may be sure that at least in part of them the secondary
cork tissue was a transition tissue with addition of new parts at its inner
boundary.

II. Secondary vascular tissue.

a. Normal formation. The place of origin of the cambium in
the Lepidophytes, in Spenophyllum, in Botrychium ') and in Helmintho-
stachys ®) is directly outside the xylem cylinder, in the form of a continuous
cambium cylinder; in Sphenophyllum its origin is described as not being
simultaneous all around, it first parts being formed outside the concave
metaxylem flanks 3).

In Calamites with its separate primary vascular bundles the cambium
arises in the bundles right outside the xylem; between these fascicular
cambium arcs interfascicular arcs are formed completing the cambium
cylinder.

In all normal cases dealt with here the cambium forms secondary phloem
to the outside and secondary xylem to the inside. Only the xylem will be
considered here.

We may begin with the remark that in all cases with an exarch primary
xylem the secondary xylem, abutting on the protoxylem, is sharply
delimited towards the interior (Lepidodendron). But in forms with an

') E. Russow, Vergleichende Untersuchungen betreffend die Histiologie der
vegetativen und sporenbildenden Organe und die Entwickelung der Sporen der
Leitbiindel-Kryptogamen, etc. Mém. Acad. Imp. d. Sc. St. Pétersbourg, 7th ser.
19, 1, 1872, see p. 119.

%) VAN TiEGHEM, l.c. (f.n. p. 86), p. 171.

¥) Scort, lc. 1920 (f.n. p. 79), p. 80; HIRMER l.c. 1927, p. 352; VAN TIEGHEM
on the other hand writes that the secondary xylem first appears outside the
protoxylem (l.c. p. 173).



J. C. SCHOUTE, ANATOMY 91

endarch primary xylem there is no sharp limit at all, the metaxylem in-
sensibly merging into the secondary xylem.

The activity of the cambium may be homogeneous all around, for
instance in Lepidodendron; the different parts of the cambium however
may produce different xylem parts as well.

In Sphenophylium the cambium outside the protoxylem always forms
narrow xylem elements, the cambium outside the metaxylem much wider,
but otherwise similar, elements.

In Calamstes the fascicular and the interfascicular cambium parts behave
differently. The fascicular cambium in all cases forms rows of tracheids,
with small medullary rays in between.

The interfascicular cambium may either only form parenchyma,
constituting therefore a large medullary ray (Arthropitys bistriata), or it
may begin with parenchyma formation on which from both sides, the
tracheid formation encroaches either gradually, or suddenly after some
time (both conditions in 4. communis). In these cases the short cambium
elements producing the large medullary ray must have beenreplaced by
cambium fibres as SCOTT remarks!); in the mature condition it is very
remarkable that the radial seriation is not disturbed. It is not improbable
that this phenomenon was accompanied by a tangential widening of the
cambium, perhaps in consequence of the elongation of the cambium
elements; in this way a dilatation of the large medullary ray, the medullary
commissure and of the entire medulla was brought about.

HIirMER at least pictures two transverse section of A. communis of
different size 2) in which the larger one shows evident signs of dilatation in
the internal parts of the large medullary rays 3).

1) ScortT, op. ¢, 1920, p. 25.

?) HIrRMER op.c. 1927, p. 389.

3) HIRMER overrates both the frequency and the amount of this dilatation when
he supposes (op. c. 1927, p. 392) it to be a general feature of Arthropitys and believes
it to be correlated with a striking increase of the pith cavity.

In A. bistriata the whole phenomenon evidently failed (see B. RENAULT, Bassin
Houiller et Permien d’Autun et d’Epinac, IV, Flore fossile, 2, Paris 1893-'96, in:
Etudes des gites minéraux de la France; see especially Pl. 45, fig. 1, 3, Pl. 46, fig
2, 3) and in 4. communis it may almost have been absent in some cases (ibid. P1
48, fig, 2, 6); A. gigas on the other hand perhaps shows slight indications by the
extension of the parenchyma cells perpendicular to the earliest wood (ibid. Pl. 50,
fig. 2).

The amount of the dilatation no doubt is exaggerated by HIRMER because he
bases it on a comparison between morphologically incomparable objects: a strong
branch with a great number of stout primary vascular bundles and a large pith
cavity on one hand, and a weaker branch on the other hand where everything has
been laid down on a smaller scale.

Cf. moreover the related phenomena in Astromyelon in § 3, sub B II.
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In still other cases the interfascicular cambium of Calamites may form
only libriform fibres with small medullary rays in between (Arthrodendron)
or finally it may display a combination of conditions, in so far as it forms
some radial plates of libriform, alternating with radial plates of parenchy-
ma, the latter always occupying the central line of the large medullary
ray (Calamodendron).

About the construction of the secondary xylem only a few remarks may
be made. In nearly all cases parenchymatic medullary rays are present
between the seriated tracheary elements, as in the wood of the Spermo-
phytes. In some Lepidodendra these medullary rays may contain spirally
or reticulatedly thickened elements, being no doubt ray tracheids like
those of Pinus.

It is only in Sphenophyllum that medullary rays of the common des-
cription may be lacking. Not in all species: in Sph. insigne the medullary
rays are quite normal. In all other species as far as is known, instead of
medullary rays there is a wholly different arrangement of the parenchyma
elements. Here we find small vertical strands of narrow and erect paren-
chyma cells, in the angles between four tracheids; these strands are con-
nected in some places by small short radial strands of a few procumbent
cells, not forming continuous rays but discontinued very soon.

As Sphenophyllum is also remarkable by the fact that the secondary
tracheids are not only arranged in radial rows but at the same time in
tangential rows, a renewed investigation seems very desirable.

The secondary tissue formation in some cases not only occurs in the
stele, but extends also into the leaf-trace in the cortex; this has been
observed in Lepidodendron and in Sigillaria, and in the stigmarian rootlets.
The tissues formed in these cases may even extend to a slight extent into
the free part of the leaf; they are of the same kind as in the stele.

b. Abnormal formation of secondary vascular
tissue. The case of Isoetes differs from that of all other Pteridophytes
in many respects; it has been investigated by several investigators,
LanG and WEST and TAKEDA 1) being the most recent authors on the
topic.

As Isoetes represents a plant with a very uncommon mode of growth
and with special adaptations, the homologization of the different parts
of its stem to those of other plants presents considerable difficulties.

The cambium originates in an anomalous position, outside the primary
phloem and gives rise externally to secondary cortex. To the inside layers
are formed which are usually called the prismatic tissue, described by
LANG as consisting of parenchyma with tracheids and sieve tubes, consid-
ered by WEST and TAKEDA to be secondary phloem.

') Lang, Lc. (p. 73); C. West and H. TAKEDA, On Isoetes japowica, A. Br.,
Trans. Linn. Soc. London, 2nd ser. 8, Botany, 1915, p. 333, see p. 343.
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§ 3. Anatomy of the root. — A. Primary organization1).

I. Epidermis. The outer cell layer of the root body is not so well
differentiated from the cortex cells as is the case in the stem. It never forms
a cuticle or stomata. Its root hairs are merely processes of the epidermis
cells; only in the Marattiaceae and in Psaronius are the root hairs multi-
cellular.

In the latter genus the densely developed very long hairs of the basal
part of the roots and of the stem surface give rise to a highly remarkable
pseudocortex, by being braided into a pseudoparenchyma, as has been
proved especially by SoLMs-LAUBACH 2). This unique tissue is formed after
the leaf fall and forms a thick coating of the stem in which the roots are
imbedded ; the more distal parts of the roots do not form this pseudocortex
and are free 3).

II. Cortex. The cortex may consist of a uniformly developed pa-
renchyma, but usually it forms two or three concentric zones differing in
organization: in many cases an internal cylinder of sclerenchyma is pro-
duced (many Polypodiaceae).

A frequent feature is the development of very large intercellular spaces
in the inner or in the middle cortex %); these may even fuse into a single
cavity surrounding the stele. In Isoetes where the root from the beginning
is somewhat dorsiventral, the intercellular spaces are biggest on
the side turned away from the stem furrow. By the fact that, at this
side and laterally, all intercellular spaces fuse, the stele remains
attached to the outer cortex only at the furrow side. In Phyllo-
glossum the stele in the same way occupies an excentral position,

1) Special treatments of the root being rare for all plant groups, the works of
Van TiegHEM l.c. 1870/71 (f.n. p. 72) and of G. PoirAULT, Recherches anatomiques
sur les Cryptogames vasculaires, Ann. d. sc. nat., 7th ser. 18, 1893, notwithstanding
their early date may be quoted here; the latter contains an extensive chapter on
the root (p. 114-158) with full quotation of the older literature.

?) H. Graf zu SorLms-LauBach, Der tiefschwarze Psaronius Haidingeri von
Manebach in Thiiringen, Zeitschr. f. Bot. 3, 1911, p. 721.

3) In a recently published preliminary communication (B. Sauni, The roots of
Psaronius, Intra-cortical or extra-cortical? — A discussion, Current Science 1935,
p. 555) the author returns to the old view of STENZEL, that this tissue may have
been secondary cortex, developing pari passu with the roots after the leaves had
fallen. His arguments as given in the preliminary note are that at the outside of
the pseudocortex a periderm was developed, and further that in a recent Liliacea
Asphodelus tenuifolius numerous roots grow down through the cortex of the main
root, so as to distend the main root very strongly.

As far as I see at present neither of these facts can invalidate in theleast the
evidence brought forward by SoLms-LAUBACH.

9 NAcertund LEITGEB, L.c. (f.n. p. 72) p. 82.
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and after METTENIUS is located “der unteren oder inneren Seite der Wur-
zel gendhert” 1),

The inner cortex at its inner side always is limited by an endodermis.

ITI. Stele. Between the endodermis and the vascular tissues a pa-
renchymatic tissue, the pericambium, is found.

NAGELI and LEITGEB 2) and later on VAN TiEGHEM 3) Jaid considerable
stress upon the fact that in Equisetum endodermis and pericambium are
formed very late during the ontogeny by a cell division of one single cell
layer; according to them Equisetum therefore lacks a pericambium and
only has a double endodermis, of which the outer layer alone forms the
Casparian strips. This strained conception is not to be accepted 4).

The vascular tissue in the stele occurs in the form of longitudinal xylem
and phloem strands, separated by parenchyma. As in the roots of all
other plants, the protophloem and protoxylem strands are alternately
arranged in a single series at the outside of the vascular tissue column, all
xylem and phloem strands being exarch.

The xylem strands usually consist of a radial plate, extending more or
less far into the stele towards the centre. In most cases the xylem strands
extending to the centre meet with their metaxylem, a single large central
vessel often being present 5). Less frequently the xylem plates being shorter
a parenchymatic medulla is developed of a smaller ®) or larger 7) size. In
Lycopodium the central union of the xylem strands is often less regular, so
that the transverse section may show a certain likeness to that of a stem
stele.

The number of strands is variable: in Maratfiaceae there are some 10
to 20 strands of both kinds, in Lycopodium there may be 10 or more; lower
numbers however are customary, for instance 2 in the Polypodiaceae.

In Phylloglossum, Selaginella, Isoetes and in some Ophioglossaceae the
roots only are monarch. Moreover smaller roots in all plants generally have
lower numbers than big roots. In Lycopodium the last thin roots are
monarch too. _

IV. Origin of primary organization. The root

1) G. MeTTENIUS, Uber Phylloglossum, Bot. Ztg 25, 1867, p. 97, see p. 99.
*) NAcELI und LEITGEB, l.c. p. 84, 109.

%) Pu. vanN TieEGHEM, Traité de botanique, 2nd ed. I, Paris 1891, p. 681.
) SCHOUTE, op.c. 1902/3 (f.n. p. 68), see p. 142.

%) See sor instance the specimen of Equisetum pictured by VAN TIEGHEM l.c.
1870/°71 (f.n. p. 72), P1. 5, fig. 22.

%) See sor instance the specimens pictured by Van TiEGHEM l.c. 1870’71 on Pl.
5, fig. 18 (Lastraea) and 27 (Botrychium).

7) See sor instance the specimens pictured by Van TiecHEM l.c. 1870/71, Pl. 4,
fig. 11 (Mavrattia); a much larger and moreover a fistular pith may be found in
large specimens of Astromyelon, the root of Calamites, the smaller specimens having
a solid pith or no pith at all.
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organization to a large extent is a parallel to that of the stem; the absence
of leaves however tends to simplify it greatly. As the question whether
there is a stem xylem and a foliar xylem does not exist here, it is clear that
the stele as a whole as well as the vascular strands themselves are continued
acropetally.

We may ask further how the root tissue systems are first induced. In the
primary root the stele is always a continuation of the stem stele. In dichot-
omizing roots the stele of the podium bifurcates too; lateral roots and
roots borne on stems are formed endogenously, immediately outside the
vascular tissue in the pericambium or in the innermost cortex. So we get
the impression that the root stele is always a branch of an existing stem or
root stele, whereas its epidermis may be formed anew in many cases.

The individual xylem and phloem strands probably are induced by
existing strands in a previous stele too, with the exception of course of the
strands in the primary axis and in wholly adventitious roots; their distri-
bution however is governed by the additional rule of their mutual
alternation, and moreover we may be sure that in any stele the number of
strands is adapted to the available space. This may be deduced from the
following set of facts.

In equally dichotomizing roots of Lycopodium the strands of the podium
are continued in the shanks; in the saddle of the dichotomy some new
strands arise, probably by bifurcation of existing strands. In such a way a
root with 8 xylem strands may give rise to two shanks with 5 strands
each ).

In unequally dichotomizing roots of Lycopodium the course of events
is described by Van TIEGHEM as follows!): in a root with six xylem
strands two neighbour strands split radially into two: the two components
adjoining the phloem strand in between and this phloem strand itself
move outwards, the two xylem strands rearranging so as to become op-
posed; the phloem strand bifurcates too and in such a way a diarch stele
of the lateral root is formed out of the mother stele which remains hexarch.

Lateral roots in other Pteridophytes in the case of a low number of
strands have a fixed orientation of these strands towards the mother root;
in the case of diarchy the xylem strands lie transversely, the phloem
strands longitudinally, the same orientation therefore as in the lateral
root of Lycopodium just mentioned.

Exceptions to this rule are very rare: THoMsoN found %) that in Marai-
tta alata the two xylem strands are placed longitudinally, while in A#n-
gropteris evecta and Danaca elliptica the same condition was met with
in some roots, other roots having an oblique position of the xylem plate.

'} Van TieGcHEM l.c. 1870/'71, p. 86.
?) R. B. THoMsoN, A seed-plant feature of the root in Marattiaceae, New

Phytol. 33, 1934, p. 96.
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These exceptions are the more remarkable as it has been generally
acknowledged that in this respect there is an essential difference between
Pteridophytes and Spermophytes, a difference known already to NAGELI
and LEITGEB in 1868 ') and confirmed by Van TIEGHEM 2), the Spermo-
phytes always having a longitudinal xylem plate in diarch lateral roots.
About the meaning of these exceptions see THOMSON in the quoted paper.

In monarch roots the orientation of the single strand has not been
described for all cases. In Selaginella the roots arising from the rhizophore
tip turn their xylem strand towards the rhizophore centre 3), and in the
same way dichotomizing roots, deriving their xylem strand from the
splitting of the single podium strand, rotate their strands 90° so as to have
them turned towards each other.

In Lycopodium the monarch root shanks, when formed by the dichotomy
of a diarch root, in contrast to Selaginella turn their xylem strands right
away from each other ¢); a monarch root by dichotomizing however
produces two shanks with facing xylem strands as in Selaginella ®).

In Isoetes the protoxylem strand is turned towards the weaker cortex
side and towards the stem furrow; with respect to the stem it is therefore
placed laterally. When the roots dichotomize the xylem strand splits too,
and by a rotation the two strands in the shanks face each other as in the
former cases 9).

In monarch roots of Ophioglossum, if 1 understand correctly the de-
scriptions givenin literature %), the xylem strand is placed laterally.

The root structure once organized is continued in the root apex. The
number of xylem and phloem strands however is not invariable in the
course of the same root: NAGELI writes (about roots in general, not
particularly about those of Pteridophytes) that changes in number are
absent only when the number of strands is a very small one: “Die Ver-
anderungen im Lingsverlaufe sind um so haufiger, je complicirter der Bau
ist .... die Holz-, Bast-, sowie die ganzen Fibrovasalstringe kénnen sich
der Zahl nach vermehren oder vermindern, wobei bald eine Vereinigung
oder Theilung, bald auch ein allmihliges Aufhdren oder Verschwinden
beobachtet wird” 8).

B. Secondary tissue formation.

I. Secondary cork tissue formation. The forma-

1) NAGeL1 und LEITGEB, l.c. 1868, (f.n. p. 72) p. 143.
) Van TiecHEM l.c. 1870/°71, Pl. 3, fig. 5, 6.
) NAGELI und LEITGEB, l.c. 1868, p. 129.
) Vax TIEGHEM, l.c. 1870/'71, p. 88.
) NAGELI und LEITGEB, l.c. 1868, p. 121.
¢) NAGeLI und LEITGEB, l.c. 1868, p. 134, PL. 19, fig. 8-10.
") Russow lec. (f.n. p. 90), p. 122; VAN TIEGHEM l.c. 1870/°71, p. 108; POoIRAULT
Lc. (f.n. p. 93), p. 142.
8) NigEeLil.c. 1858 (f.n. 1 on p. 71), p. 52.

o
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tion of secondary cork tissue in Pteridophyte roots is a rather rare phe-
nomenon. Only the following cases have come to my knowledge: Calamites
(Astromyelon); Sphenophyllum (origin of phellogen in the latter genus in
the pericambium or the phloem), Botrychium, Helminthostachys, An-
glopteris, Marattia (place of origin according to VAN TIEGHEM in these four
genera the epidermis or the outer cortex layers 1), and also the remarkable
case of Psaronius described by SAHNI 2), where the place of origin of phel-
logen is the outer layers of the pseudocortex.

In all these cases the tissue formed is evidently a suberized periderm.

II. Secondary vascular tissue. The only cases of
Pteridophytes producing secondary vascular tissues in their roots, seem to
be Calamzites and Sphenophyllum.

In Sphenophyllum the secondary xylem is constructed in the same way
as that in the stem, with radial and tangential seriation of the tracheides
and with the same anomalous parenchyma distribution.

In Calamites the origin of the cambium has been excellently observed
and described by RENAULT 3). From his researches it is clear that the
cambium was formed as in seed plants, outside the exarch primary xylem
strands and inside the phloem strands. But whereas in seed plants the
tissues produced by the cambium towards the inside at first chiefly consist
of wood inside the phloem strands only, so that the corrugated form of the
cambium cylinder is flattened out, and whereas outside the xylem strands,
when the formation sets in, usually a large medullary ray is formed, in
Astromyelon the cambium cylinder, though either being smooth from the
beginning or being flattened out very soon, formed its first tracheary parts
right outside the primary xylem strands and no doubt a medullary ray
inside the phloem strands.

As the tracheary parts of the xylem gradually broadened, probably by
the longitudinal sliding growth of the short cambium cells elongating into
fibres (see § 2 on p. 91), the cambium was widened and the large medul-
lary rays were dilated 4).

This dilatation evidently soon stopped, probably when the large medul-
lary rays were so much invaded by the tracheary wood formation as to
leave only small medullary rays ). The phenomenon itself however is not
to be doubted in the younger stages;as proofs we may point out the radiat-
ing parenchyma cell arrangement around the inner primary wood flanges ¢).

1

) Van TIEGHEM, l.c. 1883 (f.n. p. 86), p. 170.
SaHNI, Lc. (f.n. p. 93), p. 556.

) RENAULT op. ¢. 1893/°96 (f.n. p. 91).

)

)

)

)

»

RENAULT op.c. Pl. 56, fig. 6, reproduced in most text-books.
RenavuLT op.c. PL. 53, fig. 2, 5, 6, 7.

8) RENAULT op.c. Pl. 56, fig. 6, just quoted, Pl. 57, fig. 1. and for the dilatation
in the lacunar cortex Pl. 57, fig. 6.

5
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§ 4. Anatomy of the leaf. — A. The microphyll.

I. Epidermis. The leaf epidermis in most respects is similar to
that of the stem. As there, the differentiation of its cells may vary ac-
cording to the kind of underlying tissues (Equisetum); the epidermis of
both leaf surfaces may be very different in some cases !); in other cases
both surfaces may be similar.

The epidermis forms stomata which in conformity with the scanty
differentiation of the mesophyll layers may be equally frequent on both
surfaces (Lycopodium inundatum, L. Selago and other spp. 2)). They may
even be present in such leaf parts where the mesophyll is wanting, in-
tercellular spaces being present between the epidermis cells (Selaginella
leaf margins, very strongly in S. molliceps 3)). In other cases the stomata
may be localized according to the above rule of correlation with the un-
derlying tissues: in the terrestrial Isoetes spp. they are formed only over
the four large air canals, usually on both leaf surfaces 4); in Lepidodendron
they are restricted to the two furrows on the leaf under surface.

II. Mesophyll A mesophyllisalways present, al least along the
midrib; in the marginal parts it may be lacking in rare cases (Selaginella
spp. #)). It may consist of a homogeneous tissue (Psilofum) or it may be
differentiated more or less into different layers; a regular differentiation
into a palisade and a spongy chlorenchyma is attained in some Selaginella
spp. (S. Lyallii, S. concinna %)), and in Sigillariopsis sulcata ).

A development of large intercellular spaces is not rare; in Isoetes four
large longitudinal air canals are present, chambered into numerous com-
partments by transverse septa. In the stigmarian rootlet which according
to the facts related in Ch. I § 11 will be taken as a transformed leaf, and
consequently has to be dealt with here, confluent air-spaces are highly
developed especially on the lateral and abaxial side, so as to cause the
stele, with a thin surrounding parenchyma coating, to be suspended on
small trabeculae near the adaxial side of the tubular outer cortex; at the
rootlet insertion these air-spaces are lacking in a transverse zone of the
rootlet cushion. At the points of dichotomy of the rootlet the air-spaces
are evidently also lacking locally, so as to cause the well-known constriction
of the two shank bases.

) R.]J. HARVEY-GiBsoN, Contributions towards a knowledge of the anatomy of
the genus Selaginella, Spr. 111, The leaf, Ann. of Bot. 11, 1897, p. 123, see descrip-
tion of S. Martensii, p. 130.

%) HEGELMAIER l.c. 1872 (f.n. p. 67), col. 817-818.

%) HARVEY-GIBSON, l.c. 1897, p. 151.

4 A. Braun, Uber die Isoetes-Arten der Insel Sardinien, Monatsber. k. pr.
Akad. d. Wiss. Berlin a. d. J. 1863, Berlin 1864, p. 554, see p. 587.

5 D. H. Scort, On the occurrence of Sigillariopsis in the lower coal-measures
of Britain, Ann. of Bot. 18, 1904, p. 519.



J. C. SCHOUTE, ANATOMY 99

As peculiar tissue strands in some microphylls we may mention the
parichnos and the transfusion tissue.

The parichnos occurs in the leaves of Lycopodium inundatum and some
other spp. 1), sometimes only in the sporophylls (L. clavatum); further in
the Lepidophytes, and in the sporophylls of Isoetes Hystrix 1).

The parichnos may form either a double strand, situated at both sides
of the leaf and running parallel to the midrib, or a single strand at the
abaxial side of the midrib; in Lycopodium HILL stated ) that the single
strands originate from the fusion of two original lateral strands.

In the case of recent plants the parichnos consists of a lysigenous cavity,
lined by mucilage secreting cells.

Its longitudinal extension may vary; in the foliage leaves where present
in Lycopodium, the single strand traverses the whole leaf and extends
over a certain length into the cortex; in the sporophylls of Lycopodium its
distal extension is limited, as the single strand does not extend much
beyond the sporangium; in Isoetes the double strand is entirely confined
to the sporophyll base, to the sporangium region; in the Lepidophytes,
the main part of the parichnos is present as a single strand in the stem
cortex, from which a double strand extends into the leaf cushion and more
or less into the leaf base.

The second peculiar tissue, the transfusion tissue, consists of cellular
elements with a tracheidal mode of wall thickening, but occurring outside
the regular xylem. It is met with in the leaves of Lepidodendron and of
Sigillaria ) and further in the stigmarian rootlets. Is is paralleled by all
authors to the transfusion tissue of Conifers; of course it is not known
whether it shared the remarkable property of the transfusion tissue of
Conifers, Gnetum and Cycads, of containing a living protoplast in its cells,
notwithstanding the tracheid-like wall sculpture.

In Lepidodendron it surrounded the foliar stele by a homogeneous zone
of several cell layers 3), in Sigillaria it was specially developed at the ab-
axial and lateral sides of the stele and evidently consisted of transfusion
cells, alternating with parenchyma ¢). In the stigmarian rootlets the trans-
fusion tissue was present in the middle zone of the tubular outer cortex,
and was connected by delicate strands with the stelar protoxylem %); as
WEIss remarks, its presence may be taken as a further argument in favour
of the view of the homology of stigmarian rootlets and leaves. We might

1) T. G. HiLL, On the presence of a parichnos in recent plants, Ann. of Bot. 20,
1906, p. 267.

2) R. GRAHAM, An anatomical study of the leaves of the Carboniferous Arbores-
cent Lycopods, Ann. of Bot. 49, 1935, p. 587.

%) RENAULT, op.c. 1893/°96 (f.n. p.91), pl. 34, fig. 4-8 (L. esnostense); SCOTT, op.c.
1920 (f.0. p. 79), p. 143 (L. Hickii).

9 RENAULT, op.c. 1893/°96, Pl. 41 fig. 7, 19 (S. spinulosa), 23 (S. Brardi).

8) F. E. Weiss, The vascular branches of Stigmarian rootlets, Ann. of Bot. 16,
1902, p. 559; 18, 1904, p. 180.
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add that the position in both categories of organ is essentially the same,
as soon as we assume that the intercellular spaces in the stigmarian rootlets
have been formed between the transfusion tissue and the stele.

ITI. Stele. In some cases a stele in the microphyll may be entirely
lacking (Asteroxylon; Psilotum partly). In nearly all cases however a stele
is present, and in simple leaves it almost invariably ?) is a simple stele too;
in dichotomously divided leaves there are usually as many steles as there
are leaf lobes, as the stele dichotomizes too (Sphenophyllum); in some cases
only the stele may be limited to the unbranched leaf part and remain
simple (Tmesipteris, sporophyll).

The stele is not always surrounded by a well-marked endodermis and
pericambium; in Equisetum however these tissues are well developed.

Usually every stele only contains a single vascular strand; we may
however have two collateral vascular strands instead, fusing into one
single strand in the upper part of the leaf (Sigillaria spp.) or in another
case the vascular strand may be accompanied by two separate lateral xy-
lem strands 2).

The phloem may surround the xylem (Tmesipteris), but usually it is
located at the under side; sometimes it only occurs in the basal part of the
leaf, the apical part containing a xylem strand alone (Lycopodium).

The xylem strand, which is often quite small, is not always clearly
differentiated into a proto- and a metaxylem. Accordingly the statements
in literature about the exarch, endarch or mesarch character of the xylem
often diverge; probably the distinction is not very important for these
small bundles.

IV. Secondary tissue formation. Secondary tissues
hardly ever occur in microphylls. Cases of secondary cork tissue formation
have not come to my notice, and the secondary vascular tissue formation
in leaf bases in connection with secondary growth in leaf-traces is always
unimportant.

B. The megaphyll.

I. Epidermis. The epidermis of petioles, rachides and large
veins resembles more or less the stem epidermis; on the leaf blade the
epidermis is often more specialized than in microphylls, in agreement with
the greater elaboration of the leaf, for instance by undulating cell
membranes.

Moreover the epidermis not only forms stomata (lacking in the Hyme-
nophyllaceae) and numerous hair forms, but it may form other special
elements too, like spicular cells, a kind of sclerotic cells (Vittaria), nectaries
(Pteridium aquilinum) and hydathodes (Polypodium vulgare).

') A polystelic condition in the simple sporophyll stalk of Equisetum is described
by A. SantscHI in Contribution & I’étude anatomique du systéme vasculaire
d’Equisetum, Mém. Soc. vaudoise Sc. nat. 5, 1935, p. 103.

?) Harvey-Gieson l.c. 1897, (f.n. p. 98), p. 152 (Selagineila Lyallii).
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II. Mesophyll The mesophyll may be lacking in parts of the leaf
blade (Hymenophyllaceae, Leptopteris, Asplenium myriophyllum 1)), but
usually it is present in all leaf parts.

It may show layers of different organization, in the petiole more re-
sembling the stem cortex tissues, in the blade often constituting a palisade
and a spongy chlorenchyma.

In Angiopteris spp. vein-like structures may be present, the so-called
venulae recurrentes, being strands of tissue having the structure of the
leaf-margin and extending from an angle between two leaf teeth inward,
running between two small true veins.

Mucilage ducts are present in the mesophyll of Maraitiaceae.

III. Stele. Owing tothe complex character of nearly all Fern leaves
the stelar structure may become highly complicated.

Beginning with leaf forms, such as those of the Coenopterideae with
their most frequently terete pinnae without any lamina, we may remark
that in such leaves petiole, rachis and pinnae all have one single stele, a
stele which is nearly always dorsiventral in the pinnae (Stauropteris ex-
cepted) but radially symmetrical in petiole and main rachis. The dor-
siventral pinna steles have a gutter-shaped xylem strand, the convex side
being turned towards the abaxial side which at the same time is the physi-
ological underside. The protoxylem strands are to be found either at the
concave xylem margin, or they are immersed in the metaxylem, ac-
companied by a parenchyma strand at their adaxial side.

The union of the pinna-traces to the rachis stele, as PosTHUMUS in
particular has shown 2), is brought about according to the same principles
as the union of leaf-traces to the stem stele, the distribution of metaxylem
and parenchyma notably deing due to the same causes. The peculiar
spatial relations between the pinnae and the rachis, not being arranged in
one single plane, find their expression in a peculiar stelar structure in the
rachis and petiole.

From these facts I might come to the following theoretical view, in
harmony with the views expounded above p. 79-85.

The megaphyll representing a phylogenetically differentiated branch
system, every branch originally possesses one stele. This branch stele like
that of the unchanged stem has been reduced into an acropetally formed
tissue strand without differentiation of its own, but acting as a recipient
for basipetal stimuli for vascular tissue induction.

The induction (not the differentiation) of vascular tissue starts from the
distal ends of all pinnae; according to the spatial distribution of pinnae
the lowest lateral pinna of the leaf is likely to finish its own branching
first, so that it may be the first in which induction begins.

1) Porrault L.c. (f.n. p. 93), p. 198.
?) PostHUMUS l.c. 1924 (f.n. p. 75), p. 170-193.
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The basipetal inductions give rise to simple protophloem and proto-
xylem strands and in their turn act as organizers for the further vascular
tissues, in the same way as in the stem.

Turning now to the other ferns with a laminar development, we may
first consider the simple or compound leaves with an open venation,
without any commissural veins. For such leaves, of which many instances
might be enumerated, the above views may be held without any difficulty.
Petiole, midrib and blade veins are always dorsiventral here, and the
xylem part of their stele, however complicated in particular cases, can
always be related to the gutter-shaped strand. An admirable description of
the stelar structures in pinnae, rachis and petiole has been given by
THOMAE ).

The main complication principles of the xylem distribution are: the
gutter-like strand may have incurved margins; it may close at the adaxial
side unto a cylinder; it may show two lateral inward folds; it may be
perforated by numerous gaps not being trace-gaps, so that in a transverse
section it seems to be broken up into a number of meristeles; finally in the
Marattiaceae an internal system is elaborated in the same way as in the
stem, forming a second cylinder inside which others may be formed, giving
up to seven concentric cylinders 1).

In the last place we have to consider the leaves in which a reticulate
venation has been developed by the formation of numerous commissural
veins. In these cases the stelar structures in the larger veins, in pinnae,
rachides and petiole are exactly the same as in leaves with an open
venation, the commissural veins evidently being a secondary complication.

The whole complex of facts referred to may easily be brought into line
with the above views. An important fact brought forward by PosTHUMUS
is that the mode of union of a pinna-trace to a rachis stele may differ
considerably, according to the casual spatial relations between trace
strands and rachis stele strands. If the old view of the origin of the trace
by branching of the rachis strands were correct, we might have expected,
as PosTHUMUS remarks 2), a more uniform mode of departure of the traces.

The inner systems of the Marattiaceae are evidently due to similar
causes as in the case of the stems: THOMAE describes how the strands of
theinner cylinders, when followed upwards, at the adaxial side successively
run towards the next outer cylinder, so that acropetally the inner cylinders
all disappear 3). This may be read inversely as meaning that in any cylinder
the newly entering strands first fill up the abaxial and lateral sides of the
stele, and that when the cylinder is filled up, further strands, not finding a

') K. TuoMAE, Die Blattstiele der Farne, Jahrb. f. wiss. Bot., 17, 1886, p. 99.
?) PosTHUMUS l.c. 1924, p. 146.
%) TromMmaE L.c. p. 119.



J. C. SCHOUTE, ANATOMY 103

place in the same cylinder, run inwards at the adaxial side to start a new
inner cylinder.

IV. Secondary tissue formation. In Botrychium a
periderm may be present in the petiole bases, in continuation of the stem
periderm 1). In the same way a periderm and lenticels have been described
by COSTERUS in Angiopteris 2) and by POTONIE in Marattia 3).

Groningen, May 1936.

Botanical Laboratory of
the Government University.

POSTSCRIPT: The above chapters being already in type, the valuable
text-book by A. J. EAMES on the morphology and anatomy of Pterido-
phytes 4) appears, dealing to a large extent with the same matter as
treated above.

I greatly regret not having been able to use the book in the composition
of my contribution, as I might have greatly profited by it, and would
certainly have quoted it in many places.

Yet, as the scope of the present Manual is quite different from that of a
textbook, the two treatments of the same field differ so much as not to
make useless the labour of the second in arrival.

On many points I am happy to state that my conclusions run parallel to
those drawn by EAMES; in some points however they are diverging.

Of the latter category I might mention one single topic, the interpreta-
tion the Isoefes stock base 3).

EaMEs fully realizes the difference between the lobes of Isoetes and the
stigmarian axes. Taking the latter as a form of specialized stems (for which
he introduces the term rhizomorph ¢)), he follows FITTING in treating the
stelar arms of Isoetes as their homologon.

Elaborating this view, EAMES concludes that there is a very near relation
between Pleuromeia and Isoetes, and tries to establish this near relation by

1) Van TiEGHEM l.c. 1883 (f.n. p. 86), p. 171.

) J. C. CosTERUS, Het wezen der lenticellen, Thesis Utrecht 1875, see p. 35.

3) H. PotoNI1E, Anatomie der Lenticellen der Marattiaceen, Jahrb. K. bot.
Garten Berlin, 1, 1881, p. 307.

9) A. J. EamEs, Morphology of vascular plants. Lower groups (Psilophytales to
Filicales), New York and London, 1936.

%) op. c. p. 355.

) op. c. p. 354. As the term rhizomorph might give rise to confusion with rhizo-
phore, and especially as the term rhizome may be used equally well, the introduc-
tion of the new term does not seem to be necessary.
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the supposition that in Pleuromeia up to the present only the fossilized
stelar arms have been observed and that in the living plants these arms, as
in Isoetes, were buried in a mass of soft cortical tissues which however have
not been preserved.

This cannot be granted. The Pleuromeia stem lobes have been found more
than once in situ, already as early as 1854 by SPIEKER!), the rootlets
radiating in the matrix. Moreover SOLMs—LAUBACH observed and described
the stele of these lobes 2%).

On the arguments given above I must therefore hold to my views on both
Isoetes and Pleuromeia.

Finally I might make a general remark on the aim and scope of morpho-
logical botany, in connection with what has been said by EAMES on that
topic in his Preface.

Morphology being fundamentally descriptive, it may be put according to
EAMES on a broader basis by treating it as a comparative science, in the
light of evolutionary modification and development.

So far this will be gladly granted by any biologist. But when EAMES
writes that the establishment of a natural classification is the goal of most
morphological study to-day, I want toremark that if so, this is not an ideal
state of things.

For morphology (including anatomy) being a science in itself, not an
auxiliary science, its goal should be found in its own field, not outside it.

When taxonomy is enabled toreach its aims to a larger extent by the aid
of morphology, this will surely be a great satisfaction for the morphologist;
the high aim of morphology itself is however, as far as I can see, to explain
how a plant, recent or fossil, elaborates or elaborated its structure; to
determine the laws which are or have been ruling the morphogenetic
processes in the living protoplasm.

From this point of view, however imperfectly realized, the above
chapters have been written.

Groningen, August 1936.

1) TH. SPIEKER, l.c. (f. n. p. 62), see p. 186.
) SoLms-LAUBAcCH, l.c. (f. n. p. 34), see p. 228.



CHAPTER III
EXPERIMENTAL MORPHOLOGY
by
S. WirLiams (Glasgow)

§ 1. Introduction and historical account. — Experimental Morpho-
logy is a branch of General or Causal Morphology ) which seeks by means
of experiment to provide data for a consideration of problems dealing with
the factors underlying the normal structure and development of plants. The
question as to whether it can also contribute to the solution of evolutionary
problems is an open one which will be discussed later. Such experimental
data must always be taken in conjunction with the results of wide com-
parative examination of both the normal development and structure and
of such deviations from the normal as occur naturally.

The point of view adopted here is that the individual development to
the adult structure is “the manifestation of the properties of the specific
substance under certain conditions”’ (LANG, loc. cit.). The investigation of
the nature and mode of operation of these conditions is the main aim of
experimental morphology; the nature of the specific substance (or the
“spezifische erbliche Struktur’” as KLEBS terms it) is at present inaccessible
to experiment so that in the following account its existence will not always
be stressed although it must be recognised throughout that it is the factor
of paramount importance.

It is difficult to give an historical account of the development of this
branch of morphology for it has shown no orderly development such as has
characterised phyletic morphology and pure physiology. The problems
which experimental morphology seeks to solve were already recognised in
the period of developmental morphology. HOFMEISTER was the pioneer
worker in this field as is evidenced in particular by his “Allgemeine Mor-
phologie”, published in 1868 2). There may be mentioned also the works ot

1) For the scope of General Morphology see W. H. Lang, Pres. Address to
Section K, British Assoc., 1915.

?) For a critical account of HOFMEISTER’s contributions see GoEBEL, Wilhelm
Hofmeister, English Translation, Ray Society, 1926, Chap. V.
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LEITGEB, SAacHS, KNY, STAHL, PRANTL and KLEBS to which reference will
be made later. The onset of the phyletic period, some little time after the
publication of the “Origin of Species”, resulted in causal problems being
relegated to the background and relatively few workers have since been
attracted to them. The pioneer work of HOFMEISTER was, however, carried
on and vastly extended by his pupil GOEBEL, who as BOWER!) says
“extended the study of form from methods of record and comparison to
questions of causality.” From 1887, when one of the first of his contri-
butions to experimental morphology appeared, until his death in 1932, GOE-
BEL contributed greatly to the advancement of this branch of Botany. His
results and conclusions were included in the three editions of his great
“Organographie der Pflanzen” and special mention may also be made of
the “Einleitung in die experimentelle Morphologie der Pflanzen” published
in 1908. LANG has also made important contributions to the experimental
morphology of the Pteridophytes, notably with regard to induced deviations
from the normal life-cycle. His Presidential Address to the Botanical
Section of the British Association in 1915 is particularly valuable since it
gives a clear and critical account of the scope of causal morphology and an
indication of the importance of experiment in this branch of the science.

The following account is not intended to be a complete resumé of the
experimental work carried out on the Pteridophytes but is intended rather
to indicate the nature of the problems and the type of result so far attained.
So far as the development and structure of the plant is concerned the
various stages in the life-cycle will be considered in sequence. A separate
section will deal with the bearing of experimental morphology on evo-
lutionary problems.

The Gametophyte

§ 2. Factors influencing germination. — A considerable amount of
experimental work has been carried out on the factors influencing the
germination of Pteridophyte spores. Little is known, however, of these
factors in the case of the Psilotales and homosporous Lycopodiales except
that they require special conditions including the presence of a suitable
mycorhizic fungus ?). So far as the Equisetales are concerned, the most
complete account of germination is that of BUCHTIEN 3). In the presence of
sufficient moisture and oxygen, germination is most successful in light of
medium intensity; it is slowed down somewhat both in darkness and direct
sunlight.

') F. O. Bowkr, Obituary Notice of Karl Ritter von Goebel, Roy. Soc., 1933.

*) DARNELL-SMITH (Trans. Roy. Soc. Edin., Vol. 52, 1917) gives an account
of various culture methods by means of which he was able to obtain the germination
of the spores of Psilotum.

%) BucHTIEN, O., Bibliotheca Bot., Bd. 11, 1887-89.
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Little is known concerning the germination of the mycorhizic types of
Fern prothallus although CAMPBELL 1) was able to obtain the early stages
of the prothalli of Ophioglossum pendulum and Botrychium virginianum in
experimental cultures. The conditions influencing the germination of the
Leptosporangiate types have, however, been repeatedly examined 2). In
general, apart from the presence of water and oxygen which is always
essential, the presence of light is necessary and KLEBS states that Pleridium
aquilinum is the only fern of the many he examined which gives general
germination in the dark. Other Ferns give sporadic germination in the dark
and it seems probable that all may be induced to do so to a greater or less
extent by the employment of special cultural conditions, e.g. the spores of
Osmunda regalis will germinate in the dark when grown on agar to which has
been added 0.5%, Knop’s solution and 0.019%, grape sugar. The qualitative
nature of the light is important and KLEBs has shown that, in general, the
yellow rays stimulate while the blue rays definitely retard germination.
There is, however, very considerable variation in different Ferns as regards
the effect of the various spectral regions on germination and KLEBS’s work
should be consulted for an account of this. Temperatureis also animportant
factor and although there is again considerable variation the majority of
Ferns conform to the results obtained by KLEBS in Pteris longifolia where
the minimum temperature for germination is 12° C, the optimum between
25° C and 30° C and the maximum is 40° C.

The conditions governing the onset of germination are thus variable and,
so far, there has been no analysis of the mechanism involved beyond the
suggestion of KLEBS that the yellow rays stimulate a photochemical
reaction in which enzymes are concerned.

§ 3. Factors influencing the Development and Form of the Pro-
thallus. — Following germination the development of the gametophyte
proceeds along diverse paths in the various groups of the Pteridophytes.
The nature of the factors underlying this further development has been
investigated in the Equisetales and Filicales but not in the other groups.

(a) Equisetinae. The development of the gametophyte of Equisétum has
been studied by various writers and particular mention may be made of
the contributions of STAHL 3), BUCHTIEN (loc. cit.), LupwIGS %) and WAL-

1y CampBELL, D. H., Mosses and Ferns, 1918, p. 234.

?) See G. KLEBs, Sitz. d. Heidelberger Akad. d. Wiss.,, 1916 and 1917 and
J.StEPHAN, Jahrb. fiir wiss. Bot., Bd.70,1929. Earlier literature is fully quoted here.

3) E.StaHL, Einfluss der Beleuchtungsrichtung auf die Theilung der Equisetum-
Sporen, Ber. d. deutschen bot. Gesells., III Bd., 1885.

9 K. Lupwiags, Untersuchungen zur Biologie der Equiseten, Flora, N.F. Bd.
III, 1911.
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KER1). When placed in water the spores swell while retaining their
spherical form; they then divide into two unequal cells, a larger prothallial
cell and a smaller lens-shaped rhizoid cell. STAHL investigated the question
as to whether the position of this first division wall is determined by ex-
ternal factors such aslight and gravity. For this purpose spores of E. variega-
tum were sown on watery gelatine or on moist filter paper in order to fix the
spores in position. Gravity was shown to have no effect on the direction of
the division since spores germinated in a vertical position in the dark
showed the first wall orientated in all possible directions. Light was, how-
ever, shown to be the determining factor. Spores subjected to bright
unilateral illumination showed the division wall constantly placed so that
the prothailial cell faced towards the light and the rhizoid cell away from it.
NIENBURG 2) has made a cytological investigation of spores germinated in
unilateral illumination and has shown that the first effect is the aggre-
gation of the chloroplasts on the illuminated side and that this is then follow-
ed by the establishment of the nuclear spindle parallel to the rays of light
and the laying down of the curved wall (Fig. 1, A and B). NIENBURG also
demonstrated that the operative factor is the difference in light intensity
on the two sides of the spore rather than the direction of the light rays.
This first division takes place in less than twenty-four hours but StanL
found that a constant change in the direction of illumination retards the
rate of division. In one experiment in which the spores were placed on a
klinostat through the day and cooled to a little above 0° C during the night
(division would otherwise have proceeded in the absence of light), spores
were still undivided after five days although a few of them were abnormally
divided into two equally large cells. BUCHTIEN confirmed this effect of
bright light on the direction of the first division but also demonstrated that
weak light does not so operate. The direction of growth of the first rhizoid
is also to some extent determined by the influence of light. In bright light
the rhizoid is negatively phototropic but, as various writers have pointed
out, it is positively phototropic in diffuse light and since this is particularly
shown when the atmosphere is very moist the possible influence of hydro-
tropism cannot be excluded.

The influence of external conditions on the further development of the
prothalli was also investigated by BucHTIEN. The young prothalli are very
variable in form, the main factors concerned being light intensity and the
nature of the medium upon which they are grown. Cultures subjected to
one hour of direct sunlight each day first develop a filament and then
proceed to the formation of a flat expanse; this is apparently the normal
and most successful type. Cultures exposed to direct sunlight throughout

1) E. R. WALKER, The Gametophytes of three species of Equiseium, Bot. Gaz.,
Vol. 92, 1931.

?) W. NIENBURG, Die Wirkung des Lichtes auf die Keimung der Equisetum-
Sporen, Ber. d. deutschen bot. Gesells., XLII Bd., 1924.
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the day omit the filamentous stage and proceed directly to the formation of
a cell plate. If grown in a 3%, solution of mineral salts the spores divide by
two walls at right angles to one another and proceed to the formation of a
bulky cell mass, gorged with starch and often unprovided with rhizoids. In
weak light, or when the spores are sown thickly, various abnormal develop-
ments occur usually involving a continuation of the filamentous stage in
anomalous forms. The filamentous stage may also be retained by prothalli
grown under conditions of poor nutrition, as for instance on sand.

The mature prothallus is a dorsiventral structure of rather irregular form
differentiated into a massive basal region poor in chlorophyll and a number
of distal green lobes. There are few data available as to the factors con-
ditioning the dorsiventrality, the experiments of LupwiGs (loc. cit.) being
inconclusive.

The distribution of the sexual organs has been the subject of much
discussion. It seems clear from the culture experiments of various workers
that the prothalli are potentially monoecious but that there is a very close
relation between nutritional conditions and the type of sexual organ
produced. BucHTIEN, LubwiGs and WALKER are agreed that crowded
conditions, or growth on substrata poor in mineral salts, lead to the
production of depauperate male prothalli. On the other hand favourable
conditions lead to the production of large prothalli which are either female
or monoecious. WALKER’s cultures demonstrate that well nourished pro-
thalli of E. Kansanum, Telmateja and arvense are normally monoecious but
that at any one period only antheridia or archegonia are produced;
archegonia appear first and are later followed by antheridia, the sequence
being repeated unless a sporophyte is produced. It seems probable that the
production of archegonia depletes the prothallus of food supplies and that
the formation of antheridia follows in consequence of this. Such an interpre-
tation is supported by BUCHTIEN’s experiment in which he transferred
prothalli bearing archegonia from a rich substratum to sand or water and
obtained the development of antheridia only. It may be noted that the
reverse operation, i.e. the conversion of male prothalli into larger ones
bearing archegonia by improving the conditions of growth is, according to
Lupwics, achieved only with difficulty. In nature, the crowded sowings
consequent on the interlocking action of the elaters lead, as observation has
shown, to the production of some small male prothalli intermingled with
larger ones bearing archegonia. Fertilisation may occur at this stage but in
its absence it would seem probable from WALKER’s observations that these
larger prothalli would then produce successive crops of antheridia and ar-
chegonia until such time as an embryo was produced.

(b) Filicinae. The development and structure of the cordate type of Fern
prothallus has been the subject of a considerable volume of experimental
investigation. A brief outline of this may be given under the headings of (1)
the factors governing the form of the prothallus, (2) the factors govern-
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ing the direction of growth of the prothallus and (3) the factors governing
the origin and position of the sexual organs.

1. The form of the prothallus is plastic and is readily influenced by a
number of factors such as the supply of mineral salts, the intensity and
spectral constitution of the light and variations in temperature.

The place of emergence of the young gametophyte from the spore,
whether the latter is of the tetrahedral or the wedge-shaped type, is largely
governed by the organisation of the spore wall; the wall is split at the apex
of the triradiate ridges in the former type and along the ridge representing
the line of contact of the four spores in the latter, i.e. on the side facing the
interior of the spore group in each case. The early stages of development
are very variable but the majority of Fern prothalli pass through a fila-
mentous stage. KLEBS (loc. cit.) has shown that the characteristics of this
stage are influenced by a complex set of factors of which the quantitative
and qualitative nature of the light are the most important. Working with
the prothalli of Pieris longifolia, KLEBS found that in very weak light the
prothallus grows out as an undivided tube (similar to the one shown in
Fig. 1, G); in rather stronger illumination the filament becomes segmented
by cross walls, the number of such divisions increasing with increasing light
intensity. Red and yellow light rays retard muclear division and KLEBS
describes how the nutrition rich spores of Lygodium gave rise to an undivided
filament 10—12 mm long when germinated in red light. Fig. 1, G shows
a similar undivided filament of Pteris longifolia. The filamentous stage may
persist for a considerable period under conditions of feeble illumination or
illumination by red or yellow rays. In some of the Hymenophyllaceae the
filamentous condition is normal for the mature prothallus but, so far as I
am aware, there are no experimental data available relating to these types.
On the other hand, the filamentous stage may be omitted, as is normally
so in the Osmundaceae and Marattiaceae. In Osmunda regalis, for instance,
K1EBs found that even in very weak light or in darkness isolated longitudi-
nal divisions occur in the filament.

Normally after the filamentous condition has persisted for a length of
time varying with the nature of the illumination and temperature, longi-
tudinal divisions take place in the distal cells of the filament leading to the
formation of a cell plate. Fig. 1, C—E show prothalli of Pteris longifolia from
cultures grown in successively more intense illumination. In C, the first
longitudinal division occurs in the seventh cell of the filament; in D, in
the fourth cell and in E, in the second cell. The early onset of longitudinal
division is also stimulated by growth in blue light (Fig. 1, F). KLEBS has
given measurements of the intensities of illumination under which the
filament passes over to the cell plate condition in a variety of Ferns. This
intensity varies within very wide limits, Dryopteris Filix-mas, for instance,
forming cell plates at an intensity of only one tenth of that required by
Anesmia Phyllitidis.
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Fic. 1. 4, B, sections through germinating spores of Equisetum fixed after 6 and 12
hours respectively; direction of unilateral illumination indicated by arrow. C-G,
prothalli of Pteris longifolia; C—E from cultures grown in successively stronger
illumination; F, grown in blue light; G, grown in red light. (X56). H, Woodsia
ilvensis, prothallus (p) grown in weak light, showing filamentous development with
terminal antheridia (a). I, Equisetum palustre and J, E. Schaffneri; pieces of pro-
thallus showing regenerative growths (X14). (4, B, after NIENBURG; C-G, after
KrLeBs; H, after ScHLUMBERGER from GoEBEL; I, J, after Lubpwiags.)
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PrANTL 1) has shown that the development of the prothallus may be
arrested at the stage of a cell plate without meristem by cultivation on a
substratum devoid of nitrates but normally the cell plate soon establishes
a meristem and divisions in the third direction give rise to the archegonial
cushion. This further development only takes place if the light intensity
is sufficiently high (KLEBS, GOEBEL and other writers) and the supply of
nitrogen adequate (PRANTL, loc. cit.).

The normal adult prothallus thus established may be induced to revert
to earlier stages by altering the growth conditions. For instance. PRANTL
induced adult prothalli of Osmunda regalis to revert to the condition of a
cell plate without meristem by transferring them from a full culture so-
lution to one from which nitrogen was omitted. A reduction in the intensity
of illumination or transference to darkness frequently results in the growing
out of marginal cells in the form of filaments, e.g. in Woodsia ilvensis
(Fig. 1, H).

The above account deals briefly with only a few of the many data ob-
tained by numerous workers relating to the influence of external conditions
on the development and form of the Fern prothallus. So far as the cordate
type of prothallus is concerned it appears to be established that each
growth form, in the presence of an adequate supply of water and oxygen, is
the result of the interaction of a number of factors of which the most
significant are the quantitative and qualitative nature of the light, the
supply of mineral salts and temperature. The nature of the mechanism
intervening between the stimulating factors and the response is, however,
entirely unknown.

2. The direction of growth of the Fern prothallus is determined largely
by light. The young cell filament is positively phototropic and negatively
geotropic (PRANTL 2)). When the filament passes over to the cell plate
stage, or where a cell plate is formed immediately, the flattened surface
places itself at right angles to the incident rays of light if the latter are of
medium or high intensity (LEITGEB %), PRANTL (loc. cit.), GOEBEL %) and
other writers). Hydrotropic and geotropic influences appear to be negligible
The only known exception to this latter statement is provided by the ear-
liest stage in the development of the prothallus of Ceratopieris which is
described by LEITGEB as having its apical cell orientated under the influence
of gravity so that alternate segments are placed upwards and downwards
and thus the prothallial surface stands vertically at first although it soon

1) K. PRANTL, Beobachtungen iiber die Ernahrung der Farnprothallien und die
Vertheilung der Sexualorgane, Bot. Zeit., 39 Bd., 1881.

?) K. PrantL, Uber den Einfluss des Lichtes auf die Bilateralitat der Farnpro-
thallien, Bot. Zeit., 37 Bd., 1879.

3) H. Leitces, Uber Bilaterialitit der Prothallien, Flora, 1877; Studien iiber
Entwicklung der Farne, Der Sitz. d. k. Akad. d. wiss. Wien, LXXX Bd., 1879.

4) K. GoeBEL, Organ. der Pflanzen, Dritte Aufl., Erster Teil, p. 601.
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takes up a position at right angles to the incident rays. The adult prothal-
lus in most Ferns is also diaphototropic in light of medium or high in-
tensity.

The rhizoids of the prothallus are negatively phototropic but are not
influenced by gravity.

3. The production of the sexual organs and the position of these on the
prothallus depend on the working of a number of interrelated factors. The
antheridia are produced very early in the development of the prothallus
and they may appear almost immediately after the germination of the
spore, particularly in examples where the spores are rich in food material.
As pointed out above, the development of the prothallus may be arrested
at the filamentous stage or at the a-meristic cell plate stage by unfavourable
conditions of illumination or food supply and such arrested prothalli are
without exception purely male. The antheridia are not localised as regards
their position on the prothallus and the influence of external conditions
only appears in so far as that superficial antheridia are found on the shade
side of the prothallus.

Archegonia are only found on relatively older prothalli and their ap-
pearance is correlated with the establishment of a meristem and the
formation of a thickened cushion, developments which, as pointed out
above, depend on a suitable light intensity and other factors. Nutritional
factors are obviously important but the question as to whether an increased
ratio of carbohydrates to mineral salts is effective as a stimulus to fertility
has not been investigated 1).

The position of the archegoniais determined by the position of the cushion
and this is dependent on the direction of the incident light rays. The cushion
with its rhizoids is always formed on the shaded side of the prothallus and
consequently the archegonia are also found in this position. This dorsiven-
trality of the prothallus can be reversed as LEITGEB, PRANTL and other
workers have shown by a series of experiments on a large variety of Ferns.
One or two of LEITGEB’s experiments may be briefly described. Prothalli of
Ceratopteris floating on culture solution were illuminated from below.
There was a complete reversal of the dorsiventrality, archegonia and
rhizoids appearing on the previously dorsal side and the production of
these structures completely ceasing on the previously ventral surface. In
another experiment spores of Matteuccia Struthiopteris were sown inside a
clay cylinder suitably moistened and plugged at the top, the illumination
being solely from below. The prothalli grew horizontally and in all of them
the lower surface was developed as the morphological upper surface devoid
of archegonia and rhizoids. It is clear from the numerous experiments
which have been described that the bilaterality of the prothallus is

1 Cf. p. 130, where the factors governing the fertility of the sporophyte are
discussed.

Manual of Pteridology 8
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determined by the direction of the illumination when the latter is of
medium or high intensity. LEITGEB failed, however, to induce the formation
of archegonia on both sides of the prothallus, or alternatively their inhibition
on both sides, by growing prothalli on a klinostat and thus illuminating
them equally from all sides; such prothalli still showed the normal dorsi-
ventral structure, possibly, as LEITGEB pointed out, owing to slight
inequalities of illumination. In very weak illumination isobilateral prothalli
may arise; PRANTL (loc. cit., 1879) mentions that prothalli of Polypodium
vulgare growing in weak light produced archegonia on both sides and AT-
KINSON 1) found archegonia on both sides of prothalli of Pteris serrulata
which were crowded and growing almost perpendicularly so that they were
illuminated from both sides.

§ 4. Regeneration of the Prothallus. — The prothalli of the Pterido-
phytes, so far as they have been investigated, possess considerable powers
of regeneration. No data relating to the gametophytes of the Psilotales and
Lycopodiales are, however, available.

In Equisetum, LuDWIGS (loc. cit., p. 434) has demonstrated that isolated
portions of prothallus tissue will give rise to regenerative growths which
ultimately become detached as self supporting prothalli (Fig. 1, I, J). WAL-
KER has also noted that when prothalli degenerate any cell or group of
cells may divide actively and give rise to new lobes.

In the Filicales the only type of prothallus which has been investigated
as regards regenerative capacity is the cordate type. The experiments of
STANGE %), HEIM 3) and GOEBEL %) all indicate that virtually every cell of
the cordate type of prothallus is capable of regenerative activity. A few
examples of the experimental results relating to this may be described.
GOEBEL states that if a prothallus is cut through longitudinally so as to
damage the apex and remove a lobe a new growing point is established. The
activity of the latter leads to the production of a new lobe so that the
anterior portion of the prothallus again becomes cordate; the posterior
portion of the damaged prothallus is not, however, restored. In a similar
experiment, HEIM confirmed this result and, for the prothalli of Osmunda
regalis and Doodia caudata, added the fact that adventitious prothalli were
produced on the older parts. In another of HEIM’s experiments the pro-
thalli were cut through transversely; the anterior portion with the apex
continued its growth in normal fashion while the basal region gave rise to
numerous adventitious prothalli. Removal of the growing point also led to
the production of adventitious prothalli, as many as twenty or thirty being
formed on a single prothallus. Finally it may be mentioned that if prothalli

') G. F. AtkinsoNn, The Biology of Ferns, 1894, p. 13.

*) STANGE, Ber. iiber die Sitz. d. Gesell. fiir Bot. zu Hamburg, 1886.

3) C. HeEM, Untersuchungen iiber Farnprothallien, Flora, 82 Bd., 1896.
4} K. GoeBEL, Organography of Plants, Part 1, p. 43.
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are cut into small pieces each of these is capable of producing adventitious
prothalli or, if it includes a portion of the apical region, of growing on into
a normal prothallus.

The production of adventitious prothalli thus appears to be correlated
with a removal of the influences exercised by the apex. Experimental
removal of the apex leads to their development from any region of the
prothallus, while in undamaged prothalli they are formed only on the older
basal regions which presumably are no longer influenced by the growing
point.

§ 5. Fertilisation. — Although the physiology of reproduction hardly
falls to be considered in this chapter a brief account may be given of the
experiments conducted by various workers on the nature of the attraction
exerted by Pteridophyte archegonia upon the corresponding sperms ). A
convenient method for investigating this was elaborated by PFEFFER. He
used glass capillaries 0.1—0.15 mm in diameter, 10—15 cm long and sealed
at one end. These were filled with a 0.19, aqueous solution of the substance
to be investigated. The open ends of the capillaries were then dipped into
water containing the motile sperms and the entrance or non-entrance of the
latter noted under the microscope. By this method PFEFFER determined
that the sperms of Ferns and Selaginella are attracted by malic acid. SHI-
BATA, by similar means, has shown that the sperms of Isoetes, Equisetum
and Salvinia are also attracted by malic acid. BRUCHMANN found that the
sperms of Lycopodium clavatum are attracted by citric acid and some of its
salts. So far as I am aware, there is no information regarding the nature of
the attraction in the Ophioglossaceae or in the Psilotales.

The Sporophyte

§ 6. Embryology. The factors governing the development of the
fertilised egg inside the Pteridophyte archegonium have been the subject
of much discussion but they have not, except in a few instances, been
subjected to experimental analysis. An interesting account of this subject,
mainly based an a wide comparative survey of the embryology of the
various Archegoniate groups, has recently been given by BOWER 2).
Suggestions are made here regarding the nature of the factors concerned,
reference being made to the possible influence of external factors such as
light and gravity, and internal ones such as pressure exerted upon the egg
by the archegonial wall and the directive influence of the prothallial food

supply.

1} A convenient summary of these together with a full citation of the literature
is given by BRucHMANN, Von der Chemotaxis der Lycopodium-Spermatozoiden,
Flora, 99 Bd., 1909, p. 193.

?) F. O. BowER, Primitive Land Plants, 1935, Chapter XXVI.
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So far as the Psilotales, Equisetales and Lycopodiales are concerned there
is a complete absence of experimental data relating to the causes under-
lying the various embryological developments exhibited by these groups.

The embryology of the Ferns has attracted more attention but even here
experiment has been confined to Marsilia and a few of the higher Lepto-
sporangiate types.

LErTGeB 1) was able to demonstrate the influence of gravity on the
orientation of the first segmental wall of the embryo of Marsilia. Mega-
spores were fixed to wax plates so that they could be orientated at will;
these were then fertilised by the addition of microspores and thereafter
microscopic examination was made of the resultant embryos. The first
segmental wall was constantly found to include the archegonial axis, but,
except when the latter was vertical, gravity influenced the plane of the wall
so that the embryo was always divided into an upward facing half, giving
rise to stem and leaf, and a downward facing half giving the foot and root.
The megaspores normally lie horizontally so that the orientation of this
first wall under the influence of gravity gives a suitable placing of the
primary organs of the embryo for the avoidance of awkward curvatures in
their further development.

So far as the higher Leptosporangiate Ferns are concerned, HEINRICHER?)
and LEITGEB (loc. cit., 1879) have shown that the orientation of the basal
wall, which constantly includes the archegonial axis, and the disposition of
the primary organs of the embryo are entirely independent of the influence
of Jight and gravity, being conditioned entirely by internal factors. For
instance, embryos arising from archegonia produced on the upper side of
the prothallus under the influence of illumination from below show the
normal disposition of parts, as do also embryos produced on prothalli
rotated on a klinostat. It seems clear that the important factor is the po-
sition of the fertilised egg in the venter of the archegonium in relation to the
apex of the prothallus. A further analysis of the working of this factor has
not been attempted.

§ 7. Factors underlying Variations in External Form. — Very
little experimental work has been carried out with regard to the factors
underlying the manifold variations in external form exhibited by the
Pteridophytes. These differences are due fundamentally to differences in
the “specific substance”. There is nevertheless some possibility of exami-
ning the nature of the internal and external factors which, by acting upon
this inherited constitution, influence external form. The problems are
perhaps most easily formulated in relation to such genera as Selaginella,

1) H. LeirgeB, Zur Embryologie der Farne, Sitz. d. k. Akad. d. wiss. Wien
LLXXVII, 1878.

2} E. HEINRICHER, Beeinflusst das Licht die Organanlage am Farnembryo?,
Mitt. a. d. bot. Inst. zu Graz, Jena, 1888.



S. WILLIAMS, EXPERIMENTAL MORPHOLOGY 117

Lycopodium and Equisetum where the differences between the various
species are readily recognisable as variants upon a clearly defined plan of
construction, but even here relatively little progress has been made.

In the genus Selaginella the main difference in form is that between the
radial type and the much more prevalent type showing dorsiventrality
accompanied by anisophylly. The difference in organisation between the S.
spinulosa type and the dorsiventral type is a profound one and there is no
indication that experiment can help to explain it. So far as the dorsiventral
species are concerned, however, the specific differences are all variations
on a common plan. The essential unit is a branching together with its angle
meristems. Differences in tropistic behaviour and morphological develop-
ment of these units in different regions of the plant give the varying
configuration of the different species. There are, as yet, very few data
relating to the factors underlying these various developments but the
experiments of various workers have indicated the equipotentiality of
these units in all parts of the plant. The presence of a system of correlating
influences may be inferred but this system has not been subjected to
further analysis.

The problem presented by the factors underlying the onset of anisophylly
is, however, more easily attacked. The majority of the anisophyllous
species show little, if any, plasticity in their response to external factors
and the anisophylly once established in the ontogeny cannot be altered.
GOEBEL 1) has established the fact, however, that a few species exhibit a
relatively high degree of plasticity and this is particularly so in S. san-
guinolenta. In this latter species anisophyllous shoots become isophyllous if
grown in darkness. When grown in the light, the form and arrangement of
the leaves varies according as to whether the plant is grown in a dry or a
wet situation; in the former the shoots are isophyllous, in the latter aniso-
phyllous to a varying degree. Thus various factors, not fully analysed,
underlie the anisophyllous condition of this species. The importance of
light in influencing the onset of anisophylly is also indicated by GOEBEL’s
experiments with plants of S. caracensis grown from bulbils 2). When grown
in the dark these are isophyllous but when grown in the light they become
anisophyllous. The presence of light rather than its direction is the im-
portant factor, for plants grown in the light on a klinostat so that they were
equally illuminated on all sides, still developed the anisophyllous condition.

Although the influence of external conditions can thus be demonstrated
in these two species, anisophylly depends in the majority of the forms
investigated on internal factors.

It may be mentioned here that in Lycopodium complanatum the aniso-
phyllous condition is also dependent on the influence of light and shoots

1) K. GoeBEL, Organ. der Pflanzen, Dritte Aufl., Erster Teil, p. 333.
%) Ibid. p. 618.
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grown in the dark, as in GOEBEL’s experiments!), show a radial con-
struction.

Specific differences within the genus Equisefum depend largely on the
differential development of the shoot and root rudiments present at each
node of the plant. These differences are mainly inherited characters but
experiment has shown that most species possess a certain degree of
plasticity which throws some light on the normal construction.

The diageotropic rhizome is characterised by the absence of chlorophyll,
by the growing out of the root rudiments and by the dormancy of the
majority of the lateral buds. Lubwis (loc. cit.) has shown that in E. limo-
sum the apex of such a rhizome can be induced to grow on as a typical
aerial shoot. On the other hand, axillary buds on aerial shoots, which would
normally grow out as aerial branches, may be induced to form rhizomes. In
LuDwIG’s experiments with cuttings the majority of the buds at a node
grew out as aerial shoots but one or more of the buds developed as typical
rhizomes. It is clear, therefore, that there is no essential difference between
the subterranean parts of the axis and those which are aerial.

The various species show differences in the degree of development of the
side shoots on their aerial axes. The lateral buds may remain more or less
dormant, as in E. limosum and hiemale, while in others, e.g. E. arvense, all
the lateral shoots develop and themselves exhibit further branching. The
difference between the two types depends on internal factors but it is
possible to induce the development of branching in the E. limosum type by
cutting off the apex of the shoot. It may be assumed that the potentialities
of the aerial axes are the same in all species but that internal correlating
factors lead to the differential developments which give rise to specific
distinctions.

Further specific differences are afforded by the characters of the fertile
as compared with those of the sterile shoots. The essential morphological
structure is the same in both and experiment has shown that they possess
similar potentialities of development even when the realisation of these is
restricted by the operation of internal factors. For instance the normally
unbranched and yellow-green fertile shoots of E. arvense and Telmateja may
be induced by culture in a moist chamber to produce green lateral shoots
and thus approach to the structure of the sterile axes (LuDwiGs, loc. cit.).

So far as I am aware, little experimental work has been carried out on the
other groups of Pteridophyta. In the Filicales the only data refer to the
conformation of sporeling leaves. GOEBEL %) has shown that if sporelings
whose latest formed leaves have attained to the pinnate condition are
placed under unfavourable conditions of growth the next formed leaves
show a regression in complexity of form and are similar to the primary
leaves. The conclusion is drawn that the primary leaves are potentially

1y Ibid.

)" K. GoEBEL, Organography of Plants, Eng. Edit., Pt. 1, p. 152.
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similar to adult leaves but that they are arrested at an early stage of their
development. GOEBEL !) was also able to induce regression in leaf form in
Ceratopteris by culturing isolated stem apices. The first leaves produced by
the isolated tips were of the juvenile type and GOEBEL was able to show
that the degree of regression was correlated with the age of the plant used
for the experiment. There was probably, as in the previous experiment, a
correlation between the amount of nutrition available and the form of leaf
produced.

§ 8. Correlation of Parts. — The phenomenon of correlation, that is,
to use GOEBEL’s definition, “the reciprocal influence of organs upon one
another”, is demonstrated in many of the experimental results recorded in
this chapter and it need not be considered in any detail here. There may
be instanced as clear examples of this correlation the growing on of axillary
buds in Botrychium as a result of decapitation or damage to the stem apex.
the increased formation of root borne buds following damage to the stem
apex of Ophioglossum and the growing out of lateral branches on the aerial
axes of Equisetum limosum following the removal of the tip. These and
many other examples all indicate the existence of a system of correlating
influences in every plant. So far as the Pteridophytes are concerned nothing
is known of these influences beyond the observed results of their activity.
Recent discoveries relating to the activity of plant hormones 2) indicate,
however, the possibility of analysing, at least in part, the nature of the
mechanism involved in correlation phenomena.

§ 9. Factors influencing the Vascular System. — The stress laid on
vascular construction in discussions of phyletic problems lends a special
interest to attempts to investigate the factors influencing this. Two closely
inter-related problems require to be considered, viz. (a) the nature of the
factors leading to the differentiation of vascular tissue and (b) the nature
of the factors underlying the distribution of vascular tissue.

(a) Factors underlying the differentiation of vascular tissue. Various
suggestions have been made as to the nature of the factors influencing the
differentiation of vascular tissue 3) and these have been conveniently
summarised by LANG %) as follows: 1. functional stimuli, 2. the inductive
influence of older preformed parts on the developing region and 3. formative
stimuli of unknown nature proceeding from the developing region. LANG

1) K. GoeBEL, Experimentelle Morphologie, p. 20.

?) See R. Sxow, Growth-Regulators in Plants, New Phyt., Vol. XXXI, 1932 for
an account of these.

#) Investigations have been concerned almost exclusively with the differentiation
of xylem elements, the phloem and other tissues being ignored, possibly on account
of the difficulty of recognising them in the earlier stages of their development.

4) W. H. LaNG, Pres. Address, Brit. Assoc., Section K, 1915.
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pointed out, however, that the functional stimuli do not come into play at
the time of the laying down of the vascular tract, though they may have
importance for their maintenance later; also that the inductive influence
of older parts cannot be operative in relation to the vascular system of
embryos. The importance of formative stimuli of unknown nature pro-
ceeding from the developing region was therefore stressed.

One or two examples of experimental work relating to this question may
be described. LANG (loc. cit., p. 10) injured or destroyed the apices of young
plants of Osmunda regalis and as a result branching was induced in some of
these. In relation to these branchings a vascular connection was established
backwards with the adaxial face of the subtending leaf-trace. Comparable
results to these were obtained in Lycopodium Selago ') where damage to the
apex results in the development of adventitious axillary buds (Fig. 2, 4). In
these latter the first vascular tissue to be differentiated is a basal mass of
tracheidal cells; then follows, in relation to the establishment of a stem
apex, the formation of the procambial strand of the bud. Finally there is a
backward differentiation of a chain of tracheidal cells to make contact with
the trace of the subtending leaf. These two examples may be correlated
with what has been observed in “natural experiments” in Botrychium and
Helmanthostachys. These plants possess dormant axillary buds which are at
first devoid of vascular tissue and are without influence on the vascular
strand of the main shoot. Such buds may be stimulated to further develop-
ment by damage to the apex of the plant and in the course of this they
differentiate vascular tissue within themselves and then exert a backward
influence through the permanent tissue of the cortex, leading to the
formation of a branch trace which makes contact with the adaxial face of
the subtending leaf-trace. In Helminthostachys the main stele is also in-
fluenced to the extent of forming more xylem both behind and before the
place of insertion of the branch.

The production of tracheides in examples of induced apogamy, particu-
larly in those examples where isolated sporophytic organs or tissues are
produced by the prothallus, are of interest in relation to the problem under
consideration. The fullest account of the occurrence of such tracheides is
that of LANG 2) and the facts mentioned here are taken from this memoir.
The appearance of tracheides is constantly associated with the develop-
ment of apogamous buds and isolated sporophytic organs such as roots and
sporangia (Fig. 6, B); they also occur in relation to the indeterminate
sporophytic structures known as “middle shoots”. Finally it may be
mentioned that tracheides were observed in outgrowths from archegonial

1} S. WiLLiams, A Contribution to the Experimental Morphology of Lycopodium
Selago, Trans. Roy. Soc. Edin., Vol. LVII, 1933.

%} W. H. LanNGg, On Apogamy and the Development of Sporangia upon Fern
Prothalli, Phil. Trans. Roy. Soc., Ser. B, Vol. 190, 1898.
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projections which were mainly gametophytic in nature and even in regions
of the prothallus showing no modification in external form.

This development of tracheides in such a variety of circumstances makes
it difficult to identify the factors underlying their appearance. Apart from
the last mentioned examples, however, it would appear possible that the
establishment of a sporophytic apex or of an unorganisated sporophytic
meristem is the necessary prelude to the development of vascular tissue. It
is clear, however, that these examples of anomalous tracheide formation
provide little or no help towards the solution of the problem presented by
normal vascular differentiation, except, perhaps, support for the view that
sporophytic meristems produce formative substances inducing the de-
velopment of vascular tissue.

The above described experiments, and particularly those relating to the
normal sporophyte, point fairly clearly to “the reality of influences pro-
ceeding backwards from developing structures”, these influences leading
to the differentiation of vascular tissue. The nature of this influence, or
formative substance, is, however, entirely unknown. By its action, some
parenchymatous cells are induced to alter their metabolism so that
lignification of the wall and the other processes involved in the formation
of a tracheide are set in train; others are induced to form phloem elements
while still others remain unaffected as parenchyma. This differential action
of the formative substance raises a difficult problem to the solution of
which no approach has yet been made.

(b) Factors underlying the Distribution of Vascular Tissue.

The differentiation of vascular strands proceeds along definite tracts and
it is necessary to consider the nature of the directive factors concerned. One
of the examples which illustrates the problem most simply is that afforded
by the vascular arrangements in relation to the axillary buds of Botrychium
described above. Here there is the establishment of a vascular connection
through the cortical tissue backwards to the subtending leaf-trace. There
may be related to this and similar examples the facts derived from experi-
ments carried out on various Angiosperms ) and particularly those in
which the formation of vascular bridges following the severance of bundles
has been studied. With regard to these latter it has been shown that the
new vascular connections differentiate from the basal ends of severed
bundles and proceed downwards towards upper severed ends. It is obvious
that here, as in the experiments on Pteridophytes, there is not merely a
formative influence at work but that this, or some other factor, is directive
in its action. Simon has suggested that the directive influence is a water
gradient, the new vascular tissue forming first in tissues depleted of water
and proceeding to those with an adequate supply. Such an explanation

1) See D. THoDAY, Some Physiological Aspects of Differentiation, New. Phyt,,
Vol. XXXII, 1933, where recent literature is cited and briefly discussed.
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might be applied to the formation of vascular connections in the Pterido-
phytes mentioned above. Nevertheless, the problem cannot be regarded as
solved and many more experimental data are required.

The nature of the factors underlying the varied stelar arrangements
presented by the Pteridophytes presents an even more difficult problem
than the relatively simple instances just considered. The normal progression
in stelar structure which occurs in the ontogeny of the more advanced
Leptosporangiate Ferns clearly indicates the nature of the problem and the
difficulties involved. At successive stages the apex lays down a protostele,
a solenostele and a dictyostele. As LANG has pointed out, these changes are
determined in the region between the apical meristem and the fully differ-
entiated region behind, a region which has been little studied even from
the purely morphological
aspect and one which is
difficult to investigate by
experiment. The influence
of the leaf-traces appears
to be one of the factors
concerned but it seems
highly probable that a
complex system of factors
is operative in the forma-
tive region.

Bowegr 1Y), on the basis
of wide comparison, has
stressed the importance of
the Size-Factor. This is de-
scribed asa “morphoplastic
factor”, connoting “that
influence which tends to

secure by modification of

FiG. 2. 4, longitudinal section of decapitated plant Form a due levelling up of
of Lycopodium Selago; as, axillary adventitious buds. th t £ § t
(x 18). B, C, Deparial(=Aspidium) Moovei, trans- t1€ PTOPOT lqn o. surlace to
verse sections of stem in starved region (B) and nor- bulk as the Size increases.”
mal region (C). (X 6). D-F, Selaginella Lyqgliii; D, Sy far as the stele i -
continued growth of distal branch laid in a horizon- . e an
tal position; a, apex which grew on as a rhizome; cerned the important ratios
e.s., erect stem; 7, root. ( X 8). E, transverse section are those between endo-
of rhizome stele; xylem, black; endodermis, plain
line. F, transverse section of erect stem. (E, F, x 22). dermal surface and Stela}r
(B, C, after THomPsoN; D-F, after WARDLAW). bulk and between thC
surface and xylic bulk. The
clear effect of increasing size on the form of the stele has been amply de-

monstrated by BOWER (loc. cit.) and cannot be further discussed here; nor

1) F. O. BOWER, Size and Form in Plants, 1930.
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can the difficulties involved in the analysis of the mechanism of this
factor be entered into. The only experimental data relating to the incidence
of the Size-Factor are provided by starvation experiments. METTENIUS 1)
has shown for Angiopteris and THOMPSON 3) for Deparia (Aspidium sp.)
that starvation leads to a diminution in the size of the stem and that
there is a simplifi- cation of stelar structure in relation to this. In the
latter example for instance, the normal stele is dictyostelic, the diameter
of the stele being 2.35 mm, while the stele in the diminished starved region
is solenostelic with a diameter of 1.16 mm. (Fig. 2, B and C). Such ex-
periments indicate the plasticity of the stele and the possibility of further
experimental investigation of the operation of the Size-Factor.

Finally a brief reference may be made to the stelar structure of Selagi-
nella Lyallii since it gives some indication of the effect of external con-
ditions on the form of the stele. The rhizome of this plant possesses a
solenostele but the upright growing branches are dialystelic (Fig. 2, E and
F). It has been shown by BRUCHMANN 3) and WARDLAW 4) that if the tip of
an erect branch is laid down horizontally on the soil the apex grows on as a
rhizome which becomes solenostelic (Fig. 2, D). The change of position has
some effect, not further analysed, on the apex and region of differentiation
behind it so that a complete ring of vascular tissue is formed rather than a
number of discrete strands. The operation of the Size-Factor in this
example has been discussed by WarDLAW (loc. cit.).

It is clear that a large amount of experimental work, properly correlated
with the results of comparative morphology, will have.to be carried out
before further progress can be made in the recognition and analysis of the
factors influencing the vascular system.

§ 10. Organs of Indeterminate Nature. — An interesting field of
inquiry which lends itself to experimental investigation is that dealing
with the morphological nature of the various so-called indeterminate
organs which occur in the Pteridophytes and particularly in the Lycopodia-
les. The most interesting of these are the rhizophores of Selaginella, the
bulbils of Lycopodium spp. and the protocorm developed by the embryos of
some species of the latter genus. These may be considered in turn.

The problem presented by the morphological nature of the rhizophore
has been the subject of repeated discussion ever since the introduction of
the term “Wurzeltriger” by NAGELI and LEITGEB. The historical aspect of

1) METTENIUS, Abhandl. Konigl. Sachs. Ges. d. Wiss., VI.

) J. McL. TuompsoN, The Anatomy and Affinity of Deparia Moovei Hook.,
Trans. Roy. Soc. Edin., Vol. L, 1915.

3) H. BRUCHMANN, Von den Vegetationsorganen der Selaginella Lyallit Spring,
Flora, Bd. 99, 1909.

4} C. W. WarDLAW, The Vascular System of Selaginella, Trans. Roy. Soc. Edin.,
Vol. L1V, 1925.
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this discussion need not be entered into nor can the evidence derived from
the normal morphology be discussed. The bearing of experimental work
upon this subject is, however, important and may be briefly reviewed. The
main interest lies in experiments which demonstrate potentialities of the
rhizophore for developments other than the normal. It has been shown by
numerous workers, including BRUCHMAN 1), BEHRENS 2) and WILLIAMS 3),
that rhizophore rudiments can be induced artificially to grow out as
normal leafy shoots. A few such experiments may be described. BRUCH-
MANN was able by growing plants of Selaginella Kraussiana in the open air
from the Summer on till Autumn to induce the production of strobili on
every shoot tip, thus bringing vegetative development to a close. When
such plants were brought into more favourable growth conditions, all the
rhizophore rudiments in the more distal branchings grew out as vegetative
shoots. In this example the interruption of vegetative growth by the
formation of cones appears to be the stimulus resulting in the transfor-
mation of rhizophore rudiments into shoots. S. grandis shows a similar
transformation in the distal cone bearing branchings and the presence of
“middle shoots” is a normal feature of this species. BRUCHMANN has also
described experiments on sporelings of S. Kraussiana in which he was able
to induce the transformation of the first formed rhizophores into shoots.
The sporelings normally produce three basal rhizophores. If the stem apex
of an embryo is damaged the first rhizophore rudiment becomes converted
into a shoot (Fig. 3, 4), while if the hypocotyls of older sporelings are cut
across the rudiments of the second and third rhizophores show a similar
transformation (Fig. 3, B, C). Experiments with S. grandis have demon-
strated similar potentialities of the rhizophore rudiments of adult shoots.
If branchings, not including an apex, are laid down on moist sand, the
rhizophore rudiments grow out as anisophyllous shoots (Fig. 3, D, E).

In all these experiments the stimulus which causes the rhizophore rudi-
ment to develop as a leafy shoot is the interruption of vegetative growth,
either as a result of cone formation, or of the cutting off of stem apices. The
mechanism of this stimulus is not understood but an investigation of the
activity of hormones in Selaginella might lead to interesting results. It is
clear that the meristem constantly produced in the branch angles of many
Selaginella spp., and which normally gives rise to a rhizophore, is at its
inception indifferent in nature. When removed from the influence of
vegetative shoot apices it always develops as a shoot. No full argument
can be entered into as to the bearing of these facts on the problem presented
by the morphological nature of the rhizophore but it may be briefly stated

) H. BRUCHMANN, Von den Wurzeltragern der Selaginella Kraussiana A.Br.,
Flora, 95 Bd., 1905.

?) BEHRENS, ]J., Ueber Regeneration bei den Selaginellen, Flora, 84 Bd., 1897.

3) S. WiLriams, An Analysis of the Vegetative Organs of Selaginella grandis
Moore, Trans. Roy. Soc. Edin., Vol. LVII, 1931.
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that they support the view that the rhizophore is an organ of indifferent
nature, standing, as GOEBEL says, “between root and shoot”.

Another structure about the morphological nature of which there has
been considerable dis-
cussion is the vegetative
propagative organ found
in some species of Lyco- A
podium, e.g. L. Selago and
lucidulum, known as the
bulbil. This has been re-
garded on purely morpho-
logical grounds as being a
transformed sporangium, )
an arrested shank of a 7%} s0) |
dichotomy, a lateral (P} G
branch or a modified leaf. s
This last interpretation is
supported by the facts
that the bulbils stand in
the place of leaves in the
phyllotactic spiral and
that their vascular supply
is similar to the leaf trace

. . . F1c. 3. A-C, sporelings of Selaginella Kraussiana
inanatomicalconstruction showing transformation of rhizophore rudiments into

and in its relation to the shoots: wt 1, 2 and 3, rhizophores; %, hypocotyl.

o : D, E, Selaginella grandis; isolated branchings showing
axial stele. 1Exper1ments transformation of rhizophore rudiments into shoots;
on L. Selago!) haveshown g/, scar of angle-leaf; s, scar of excised lateral bud.

that if shoots of young (x 3). F, Lycopodium Selago, longitudinal section of

. apex of decapitated plant showing leaf rudiments
Plants' are decapltated forming regenerative buds. (X 30). G, H, Phyllo-
immediately below the glossum; G, isolated leaf with adventitious tuber

apex the voune leaf rudi- (X 4); H, transverse section of leaf showing primary
p y 8 cell masses. ( X 30). (4-C, after BRucHMANN; G, H,
ments are induced to form after OSBORN).

regenerative buds (Fig. 3,

F). This experimental demonstration of the transformation of aleaf rudi-
ment into a bud adds to the likelihood of the correctness of the view
that the bulbil is really a modified leaf.

Finally there may be considered that curious organ produced in the
ontogeny of certain species of Lycopodium, the protocorm. The morpholo-.
gical interpretation of this structure is extremely difficult and it has been
regarded either as a primitive organ preceding in evolutionary origin true
roots or as a mere biological adaptation of no great morphological signific-

1) S. WiLriams, A Contribution to the Experimental Morphology of Lycopodium
Selago, Trans. Roy. Soc. Edin., Vol. LVII, 1933.
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ance !). Additional data for the consideration of this problem have been
provided by experimental work on Phylloglossum 2), Lycopodium Selago 3)
and by “natural experiments” observed by HoLLowAY 4) in L. ramulosum.
All these experiments concern the formation of adventitious buds on roots,
stems or leaves of the plants named. Such buds arise from the proliferation
of epidermal, or occasionally sub-epidermal, cells and there is formed in the
early stages of their development a “primary cell mass”, composed of
parenchyma which in most of the examples (but not in L. Selago) produces
rhizoids (Fig. 3, H and Fig. 4, D, E). Protophylls are then frequently
developed by the cell mass and finally the stem apex of the adventitious
bud is differentiated. HoLLowAY pointed out with reference to L. ramulo-
sum that the parenchymatous swellings produced in the formation of these
buds are similar in all essentials to the protocorms of sexually produced
plants. OSBORN has also stated that the primary cell mass which precedes
the development of adventitious tubers on detached leaves of Phylloglos-
sum is exactly comparable to the protocorm of Lycopodium spp. in
developmental history and in function. This correspondence also holds,
though perhaps not so closely, for the primary cell masses produced in the
regenerative activity of L. Selago.

The experimental results thus indicate that the homosporous Lycopods
tend to show the development of a large parenchymatous mass, frequently
bearing rhizoids and protophylls, before they proceed further with the
differentiation of the organs of adventitious buds; this mass is comparable
in structure and function to the protocorm of sexually produced sporelings.
It is not intended to enter into any discussion of the significance of the
protocorm. Such parenchymatous swellings, whether produced by the
normal embryo of some species or by adventitious buds, are clearly of
considerable biological importance as primary storage and absorptive or-
gans. The biological importance of the protocorm does not, however,
necessarily militate against the idea that it is a primitive structure of
importance in a consideration of the evolutionary origin of plant organs.

§ 11. Regeneration. — All that is attempted here is a brief survey of
selected examples of regeneration phenomena recorded in the various
groups of the Pteridophytes. No attempt will be made to apply these data
to the general problems of regeneration such as the nature of the factors

!) See F. O. BowER, Primitive Land Plants, p. 272 et seq., and W. H. LaNG, On
Old Red Sandstone Plants, Trans. Roy. Soc. Edin., Vol. LII, p- 620 and p. 845 for
recent discussions of this question.

%) T. G. B. OsBORN, Some Observations on the Tuber of Phylloglossum, Ann.
Bot., Vol. XXXIII, 1919.

3) S. WirLiams, loc. cit.

‘) Horroway, J. E. Studies in the New Zealand Species of the Genus Lycopo-
dium, Trans. New Zeal. Inst., Vol. XLIX, 1916.
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influencing the character and position of the regenerative growths, the
problems relating to the polarity of the plant, and the nature of the
factors underlying correlation phenomena. A consideration of these would
be too lengthy and would necessarily involve a consideration of groups
other than the Pteridophytes.

1. Psilotinae. No examples of regeneration are recorded in this group.

2. Lycopodiinae.

(a) Lycopodium Selago. Experiments with bulbils and young plants
grown from these show that regenerative growths may be induced to form
on isolated bulbil leaves, on the stem and on partially isolated foliage

leaves. In the examples
of regeneration from
leaves epidermal prolifer-
ations occur near the base
of the adaxial surface
and these eventually be-
come differentiated as
buds. Regenerative de-
velopments were obtained
on the stem by decapi-
tating at various levels
behind the apex. When
decapitation was effected
immediately below the
apex leaf rudiments were
involved in the formation
of the adventitious buds
(Fig. 3, F and Fig. 4, A)
but decapitation at lower

levels resulted in epi-
dermal, and sometimes
cortical, proliferations

which formed cell masses,
sometimes bearing proto-
phylls, before proceeding
to the differentiation of
the stem apex (Fig. 4,
B-F). The significance of
these facts has been dis-
cussed above in the section
on indeterminate organs.

(8) L. inundatum. GOE-
BEL states that isolated

F1G. 4. Development of adventitious buds by plants
of Lycopodium Selago grown from bulbils. 4, re-
generative shoot (rs) developed from leaf rudi-
ment; s, scar of stem apex. (x 7). B, formation
of bud in axil of leaf below a transverse incision;
ab, bud. (x 1%). C, decapitated plant showing two
adventitious buds of epidermal origin (ab). ( X 7).
D, E, stages in development of primary cell mass
(x 250). F, adventitious bud in longitudinal
section; a, apex; ps, procambial strand; 7, first
root. (X 60).

first leaves of sporelings are capable of producing adventitious buds.
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(¢) Phylloglossum. OsBORN (loc. cit.) has described the regeneration of
new tubers on detached leaves. When such leaves are laid down on moist
soil, one or several epidermal cells near the proximal end on the abaxial
surface proliferate to form a primary cell mass (Fig. 3, H). From a growing
point differentiated on this cell mass a tuber develops which resembles that
formed by the normal plant (Fig. 3, G). The results obtained were applied
to the problems presented by the tuber and the protocorm. OSBORN con-
cluded that the primary cell mass is homologous to the protocorm and that
the tuber is an entirely different structure of great biological value to the
plant but having little morphological significance.

(d) Selaginella '). Many experiments have been carried out with reference
to the regenerative ability of the various organs of Selaginella. Many of
these have been concerned with the potentialities of the angle meristems
which normally produce rhizophores. As pointed out in the section dealing
with the nature of the rhizophore, these angle meristems and also young
rhizophores developed from them are capable of being transformed into
shoots, so that any length of stem which includes a branching where both
rudiments have not formed mature rhizophores is capable of giving rise to a
regenerative shoot. Regeneration of the shoot may also be accomplished by
the “growing through” of isolated cones (Fig. 5, C, D). Regeneration of the
root system may also be induced. If a rhizophore bearing roots or root
rudiments is decapitated callus formation and the production of new roots
ensues. It is not usually possible, however, to induce the formation of roots
other than in relation to rhizophores but BRUCHMANN was able to induce
root formation at the base of short lengths of stem of S. Kraussiana which
did not include a branching.

(¢) Isoetes 2). SoLMS-LAUBACH was able to induce the formation of
adventitious buds in Isoetes lacustre and I. Duriei. The tuberous stocks
were cut in half longitudinally and the apical regions removed. After
periods varying from six to twelve months adventitious buds appeared in a
relatively small number of examples. The morphological relations were
complicated and the exact origin of the new growing points was not
established. Active proliferation of cortical tissues was also observed. The
facts relating to the adventitious buds were applied by SoLMs-LAUBACH to
the problem presented by various abnormal specimens found under natural
conditions.

3. Egquisetinae 3). — The development of true adventitious structures has
not been recorded in Equisetum. LuDWIGS endeavoured to induce regener-
ation from isolated internodes of a number of species but entirely without
success. On the other hand, the normal construction of the nodes, pos-

1) See S. WiLLiams, (loc. cit., 1931), where the literature is cited.

%) SoLMs-LAUBACH, Isoetes lacustris, seine Verzweigung usw., Bot. Zeit., 1902,
p. 179.

%) K. Lubwias, loc. cit.
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sessing as they do the rudiments of buds and roots, makes it theoretically
possible for any node under favourable conditions to regenerate a complete
plant with roots, rhizomes and aerial stems. The experiments of Lubwics
showed that it is difficult to induce this development in some species but in
others, e.g. E. Schaffneri, limosum and arvense, such a result is easily
achieved. Similar experiments have been carried out by PRAEGER 1).

4. Filicinae. — (a) Ophioglossum 2). Buds are normally formed close to
the apex of a few roots of each plant but more prolific bud formation may
be induced by cutting off the stem apex. Isolated root tips, or any other
portion of a root, are capable of producing regenerative buds.

(b) Marattiaceae ®). GOEBEL states that the stipules remain fresh and
succulent after the fronds have fallen and adventitious buds may be
produced by them.

(¢) Polypodium spp. %). Regeneration of the leaf tip has been recorded by
GOEBEL. The tip of the frond was slit longitudinally and branching ensued.
Pinnae developed on the side facing the slit on the newly formed regions
but no regeneration occurred on the older part of the cut surface. Ficpor
obtained similar results with the fronds of Phyllitis Scolopendrium 5).

(d) Cystopteris spp. ®). HEINRICHER obtained the development of adven-
titious buds on isolated basal parts of the fronds of Cystopteris montana,
fragilis, alpina and bulbifera. Such buds appear in varying numbers on the
adaxial surface of the petiole and Par1sA 7) later demonstrated that they
arise from the proliferation of epidermal cells whose position is not pre-
determined. HEINRICHER has also demonstrated that the isolated lower
leaves of bulbils will give rise to adventitious buds.

(e) Diplazium esculentum and Platycerium spp. 8). The tips of isolated
roots of these Ferns are capable of direct transformation into buds.

(f) Sporelings, and particularly their leaves, are easily induced to pro-
duce adventitious regenerative structures. GOEBEL %) was able to obtain
the development of adventitious buds on the isolated primary leaves of a
number of Ferns and in Ceratopteris he was able in addition to obtain

1) R. L. PRAEGER, Propagation from Aerial Shoots in Equisetum, Journ. of Bot.,
Vol. LXXII, 1934.

?) K. GoEBEL, Organ. der Pflanzen, 3 Aufl,, 2 Teil, p. 1221.

%) K. GoeBEL, Organ. of Plants, Eng. Edit., Pt. 1, p. 46.

Y9 K. GOEBEL, Einleitung in die experimentelle Morphologie, p. 215.

5) Fiepor, Uber Regeneration der Blattspreite bei Scolopendrium, Ber. d. deut-
schen bot. Gesell., Bd. XXIV, 1906.

%) E. HEINRICHER, Nachtriager zu meiner Studie tiber die Regenerat1onsfah1gke1t
der Cystopteris-Arten, Ber. d. deutsch. bot. Gesell. Bd. 18, 1900.

7} J. Pavrisa, Regenerationsknospen etc., Ber. d. deutsch. bot. Gesell., Bd. 18,
1900.

8) GoesEL, K., Organ. of Plants, Eng. Edit., Pt. II, p. 227.

%) K. GoeBEL, Einleitung etc., p. 197 et seq.
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similar buds on the stem. In this last example the stem apex was removed
and this resulted in the formation of an adventitious bud which carried on
the growth of the axis.

§ 12. Factors underlying the Production of Sporangia. — The
factors underlying the incidence of fertility have been investigated to some
small extent in the Ferns but not in the other groups of Pteridophytes.
GOEBEL has put forward the view that the production of sporangia depends
upon nutritional factors and in particular on the accumulation of a large
supply of carbohydrates and the raising to a high level of the ratio between
organic and inorganic substances in the plant. The following experiments
and “natural experiments’’ are put forward in favour of this view ). Ex-
periments with Matteuccia Struthiopteris and Onoclea sensibilis gave the fol-
lowing result. When the sterile leaves were removed from the annual crown
at a time when the sporophylls were still at the earliest stage of development
the latter developed as sterile foliage leaves or as structures showing inter-
mediate characters between these and the sporophylls (Fig. 5, E). GOEBEL

suggests that the removal
of the sterile fronds leads
to the sporophyll rudi-
ments being provided with
more inorganic and less
organic foodstuffs than
they would receive under
normal conditions. Such a
lowering of the ratio be-
tween organic and inor-
ganic materials would lead
on GOEBEL’s view to an
interference with the onset
of fertility. GOEBEL has

also noted that plants of
Fic. 5. 4, B, Equisetum Telmateja, cones ‘“growing Asplenmm Ruta-muraria
through” as vegetative shoots; s, transition forms . i i
between sporangiophores and foliage leaves. (x 3). rowing in a habitat poor

C, D, Selaginella grandis, proliferating cones. ( X 3). in mineral supplies but
E, Matteuccia Struthiopteris, frond showingcharacters idi f bl
intermediate between those of a sporophyll and a prov1. _mg VeTy lavourable
sterile foliage leaf. (4, B and E, after GoepEL). conditions for photosyn-

thesis produce sporangia
very early in their ontogeny. A comparable example is provided by the
adventititous buds of Asplenium spp. which also become fertile at an early
stage. In this example the cause of the early onset of fertility may be the
fact that such buds receive abundant organic supplies from the parent plant.

" K. GoeBEL, Einleitung in die experimentelle Morphologie, p. 9 and p. 65.
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The importance of the supply of organic foodstuffs is thus clear but more
precise experimental work is required. The adventitious buds last mention-
ed would appear to supply favourable-experimental material.

The production of sporangia on prothalli (Fig. 6, 4, B) has been regarded
by GOEBEL as an extreme example of “Frithreife” but nothing is known
concerning the factors underlying this curious phenomenon.

§ 13. Experiments bearing on the Morphology of Sporophylls
and Sporangiophores. — Conclusions as to the morphological nature of
sporophylls must be based in the main on the results of wide comparison
but experiments provide useful supplementary data. So far as the Lyco-
podiales are concerned the only available experimental data relate to the
“growing through’ of the cones of Selaginella spp. which has been induced
by various workers including BRUCHMANN, BEHRENS and WiLLiaAMS. When
detached cones are laid down on moist soil, or when the ends of fertile
shoots are pinned down without removal from the plant, the apex of the
cone grows on to produce an anisophyllous shoot whose structure is similar
to that of the vegetative part of the plant (Fig. 5, C, D). Abortive sporangia
are found at the junction of the cone and the new shoot. The experiment
shows that there is no fundamental difference between the sporophylls and
the foliage leaves.

The only experimental work on the Ferns is that of GOEBEL on Onoclea
spp. mentioned above. These experiments show that if the foliage leaves
are removed the rudiments of the sporophylls are capable of developing
into vegetative fronds. The homology of the vegetative and fertile fronds is
thus demonstrated.

The morphology of the sporangiophores found in some of the microphyl-
lous types has been the subject of much discussion but little experimental
work has been carried out in relation to this problem. So far as I am aware,
the only recorded experiments are those of GOEBEL 1) and Lupwias (loc.
cit.). The former was able to induce young cones borne on side shoots of
Equisetum Telmateja to become “vergriinte” and grow on as vegetative
shoots (Fig. 5, 4, B). These artificially induced deviations from the normal
exhibit all stages of transition between sporangiophores and foliage leaves
and GOEBEL concludes that these structures are homologous. BOWER 2)
points out, however, that the fossil evidence is against this view but a full
discussion of the morphology of the cone of the Eguisetinae cannot be
entered into here since any conclusions must be based on a wide compara-
tive treatment of living and fossil forms as well as on such few experimental
data as are available.

1) K. GoeBEL, Organ. der Pflanzen, 3 Aufl., 2 Teil, p. 1240.
2) F. O. BoweRr, Primitive Land Plants, p. 191 et seq.
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§ 14. Deviations from the Normal Life-cycle. — The factors under-
lying the rhythm of the normal life-cycle are as yet entirely obscure and it
may at once be admitted that the experimental work outlined above,
illuminating as it does something of the causal morphology of isolated
stages in the life-history, provides no data for a solution of this major
problem. It might have been expected that a study of deviations from the
normal life-history would be helpful in relation to this but, as LANG points
out: “So far, however, though numerous cases of these deviations from the
normal development have been studied, they have only added to our
knowledge of alternative processes of development that can be described
but as little explained as the normal development.” In spite of the truth of
this general statement the experimental work which has been carried out in
relation to the study of apogamy and apospory has yielded interesting
results, some of which may be summarised here. All the available data
relate to the Ferns, the other groups of Pteridophytes not having been
subjected to experimental investigation.

(a) Apogamy. — In some species and varieties of Ferns apogamy is
apparently obligatory, being due to the inherited constitution of the plant.
On the other hand there have been described many instances of apogamous
development which occur in Ferns whose prothalli are capable of bearing
sexually produced embryos. Such instances may be spoken of as induced
apogamy although the nature of the factors underlying their appearance
are as vet but little understood. The experiments of LaNG 1) indicated that
the prevention of fertilisation by avoiding watering the prothalli from
above is the most significant factor leading to apogamous developments.
Under these conditions various apogamous growths were obtained including
the production of apogamous buds, of isolated sporophytic organs and
appendages such as roots, sporangia (Fig. 6, 4, B), and ramenta, and of
isolated sporophytic tissues such as tracheides. Culture experiments carried
out by other workers also indicate that the failure of normal fertilisationisa
factor predisposing prothalli to the production of apogamous growths. The
literature relating to this has been summarised by BRowx 2). Other con-
ditions have been suggested as stimulating apogamous development such
as culture in bright light, culture at higher temperatures than the normal 3)
the lowering of the vitality of the prothalli by fungal and algal attack and

) W. H. LaNGg, On Apogamy and the Development of Sporangia upon Fern
Prothalli, Phil. Trans Roy. Soc. London, Ser. B., Vol. 190, 1898.

?) E. D. W. BrRowN, Apogamy in Phegopieris polypodioides, Bull. Torrey Bot.
Club, Vol. 50, 1923.

3) The value of the experiments of NATHANSOHN (Ueber Parthenogenesis bei
Marsilia, Ber. d. bot. Gesell., Bd. 18, 1900), indicating that the tendency of spores
to form apogamous embryos is increased by growing them at a higher temperature
than the normal, is largely vitiated by the cytological facts as disclosed by STrAS-
BURGER.
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the failure to produce functional sexual organs under various unfavourable
conditions of nutrition. For instance, in BRowN’s experiments with Phe-
gopteris polypodioides and other Ferns the prothalli were grown on liquid
media. In full culture solutions normal sporophytes were formed; in
modified solutions from which one or more of the essential mineral elements
were omitted, the sexual organs either failed to develop or were non-
functional and in re-
lation to this apoga-
mous developments
ensued.
It is therefore fairly
clear that the failure
of normal fertilisation
is an important factor
influencing the inci-
dence of apogamy but
no further analysis of
the mechanism in-
volved has been at-
tempted. The pre-
vention of fertilisation
does not, however,
always lead to the ap-
pearance of apogamy.
In many Ferns old un-
fertilised prothalli
merely show an in-
‘crease in size, the pro-
duction of adven-
titious prothalli and
peculiar developments

of the sexual organs.

There may be in- Fic. 6. Prothalli of Phyllitis Scolopendrium var.
¢ d th o A, longitudinal section of a prothallus with two
stance € experl- sporangial groups (sp) developed in succession.
ments of MOTTIER 1) (x 60). B, sporangia and tracheides (t7). (X 300).

in which prothalli of (After LaNG).

Matteucia Struthiopte-

vis and Osmunda regalis were grown under conditions preventing fertil-

isation for a period of eight years. The prothalli formed large “clones”

approximating in size to plants of Marchantia and continued to produce

sexual organs, archegonia in favourable and antheridia in unfavourable

growth periods. No apogamous developments were, however, observed. It
1 D. M. MoTTIER, Development of Sex Organs of Fern Prothallia under Pro-

longed Cultivation, Bot. Gaz., Vol. 92, 1931.
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is clear therefore that in addition to the presence of external factors favour-
ing apogamous developments there must also be internal factors concerned,
possibly in the nature of an inherent susceptibility due to an anomalous
nuclear composition.

The position of apogamous growths upon the prothallus is very varied.
In examples of direct apogamy the apogamous bud normally arises from
the cushion and LEITGEB !) has shown experimentally that in the majority
of examples the apogamous shoot stands in the position of an archegonium
and is likewise influenced as regards its position by the effect of light. Some
of LEITGEB’s results may be briefly described. Experiments on the prothalli
of Pteris cretica and Polystichum falcatum, where apogamy is obligatory,
showed that the apogamous shoot always arises on the shade side of the
prothallus. If a prothallus with an apogamous shoot already developed on
the ventral side is illuminated from below there does not usually follow the
production of a second shoot on the now shaded upper surface since the
production of the first shoot has a similar effect to the formation of a
sexually produced embryo in inhibiting the further apical growth of the
prothallus. If, however, the reversal of illumination is carried out when the
first apogamous shoot is at a very early stage of development then the
further development of the shoot is arrested and a second shoot appears on
the now shaded upper surface 2). Only very rarely did LEITGEB succeed in
inducing the development of shoots on both sides of the prothallus but a
few examples were obtained when the first shoot had reached a middle
grade of development at the time when the reversal of illumination was
effected. LEITGEB also carried out experiments designed to induce the
distribution of the primary organs of a shoot on the two prothallial surfaces,
and was able in Pteris cretica to produce examples where the apogamous
shoot had its stem apex and the first and second leaves in the normal po-
sition on the ventral surface but with the first root growing out from the
dorsal surface. The facts are not clear but it seems probable that the
origin of the root was still normally related to the other shoot parts on the
ventral surface and that the illumination from below had resulted in the
root exhibiting negative phototropism and breaking through to the dorsal
surface.

It is thus clear that light is an important factor in determining the
position of apogamous shoots in these examples of direct apogamy. Their
relationship to the establishment of the prothallial meristem and the
formation of a cushion appears to be strictly comparable to that exhibited
by the archegonia on a normal prothallus. The examples of induced

1) H. Le1rGes, Die Sprossbildung an apogamen Farnprothallien, Ber. d. deutsch.
bot. Gesells., Bd. III, 1885.

?) This sequence of events may give the false impression that the organs of one
shoot are distributed on the two sides of the prothallus, as in examples described
by DE Bary.
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apogamy in which isolated sporophytic organs and tissues are produced
present, however, great difficulty in any attempt to analyse the factors
influencing the place of their origin and, in the absence of further data, no
useful purpose would be achieved by further discussion.

(b) Apospory. — Repeated attempts to induce apospory from the leaves
of adult Ferns have so far been unsuccessful and BowEgR states that
“There appears to be a marked disability in the adult leaf for bridging over
the limit between the generations in any other way than by spores.” On the
other hand, various workers have found it possible to induce aposporous
developments from the
leaves of sporelings.

An extensive series of
experiments was carried
out by GOEBEL?) in which
detached juvenile leaves
of various Ferns were laid
down on moist soil. Vari-
ous regenerative growths
were obtained, including
sporophytic buds, apospo-
rously produced prothalli
and structures designated
by GoEBEL as “Mittelbil-
dungen”. The develop-
ment of aposporous pro-
thalli from primary leaves
of Pteris longifoliaisshown
in fig. 7, D and E; similar
prothalli were obtained
in the case of other Ferns.

The production of | Mit-

telbildungen” was ob- Fic. 7. 4, prothallus of Phyilitis Scolopendrium var.;

. . sp, group of sporangia; ab, apogamous bud. (X 6).
served in Alsophzla Van B, C, aposporous growths from leaves of bud of

Geertrs (Fig. 7, I) and in Qsmunda regalis; pr, prothallus. (B, x 4; C, x 6).
Ceratopteris  thalictroides D, I, primary leaves of Pteris longifolia; D, prothalli

. growing from petiole; E, origin of prothalli from epi-
(Fig.7,G). Thesestructures dermis. F, primary leaf of Alsophila Van Geertii, “Mit-

show partly gametophytic telbildungen’” growing out from tip of leaf; Spa,

characters, such as the stomata. F, “Mittelbildung” from primary leaf of
.a. t Ceratopteris; Sp, stoma; A, antheridia. (4-C, after

presence of antheridia and LANG; D—G, after GOEBEL).

rhizoids and the absence

of intercellular spaces, and partly sporophytic characters such as the

) K. GoeBEL, Exper.-morph. Mitteilungen, Sitz. d. math.-phys. Klasse d. Kgl.
Bayer. Akad. d. Wiss., Miinchen 1907.



136 S. WILLIAMS, EXPERIMENTAL MORPHOLOGY

presence of stomata and, in some examples, the development of vascular
tissue.

In the above described experiments of GOEBEL the development of
adventitious growths is clearly correlated with the isolation of the juvenile
leaves from the plant. LanG 1) has, however, succeeded in inducing the
formation of aposporous prothalli from juvenile leaves of Osmunda regalis
still attached to the parent plant. Fig. 7, B, C indicate the nature of the
aposporous developments, which, along with other deviations from the
normal, occurred on the buds developed by a plant whose apex had been
damaged. Fig. 7. C shows one of these buds bearing two leaves, the right
hand one of which consists of a cylindrical dark green stalk expanding
upwards and terminating in a prothallus bearing sexual organs. Fig. 7, B
shows a leaf from another bud where only one of the two lobes has become
prothalloid. Such aposporous prothalli will, if laid down on soil, develop
normally and produce sporophytes which show no tendency to aposporous
development.

As pointed out in the first paragraph of this section, such induced
deviations from the normal merely add “to our knowledge of alternative
processes of development” and have, as yet, contributed little to the
solution of the general problem presented by the normal sequence of the
life-cycle. They may indeed be regarded as mere abnormalities devoid of
any significant bearing on this problem 2). Nevertheless, the study of the
factors underlying the production of isolated sporophytic organs on pro-
thalli may reasonably be expected to throw some light on the factors
underlying the production of these structures in their normal position.
GOEBEL has also pointed out that the variable nature of the regenerative
growths from detached juvenile leaves offers the possibility of analysing
the factors leading to the development of sporophytic shoots on the one
hand and prothalli on the other No experimental work along these lines has
yet been carried out but GOEBEL suggests that the conditions under which
the leaf has been grown prior to its detachment may be an important
factor.

Evolutionary Problems

§ 15. The Mechanism of Evolution. — The only contribution which
experiment can make to the investigation of the mechanism of evolution
lies in the province of genetics, which is in fact a special branch of ex-
perimental morphology. As this subject is dealt with elsewhere in this book,
it will not be further mentioned here.

1) W. H. LANG, On Some Deviations from the Normal Morphology of the Shoot
in Osmunda regalis, Mem. and Proc. Manchester Lit. and Phil. Soc., 1924.
?) See F. O. BowERr, Primitive Land Plants, p. 495.
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§ 16. The Course of Evolution. — The question as to whether experi-
ment can provide data useful for a consideration of evolutionary problems
is an open one. It has frequently been stated that “experiment cannot
reconstruct history” but this statement would appear to be true only in a
limited sense. It is possible, as has been shown above, to induce many
deviations from the normal structure of the plant. Any one of these
deviations may in point of fact represent a normal feature of some previous
evolutionary stage of the plant and, if it does, then experiment will have
reconstructed history in respect of that feature. The difficulty lies, however
in deciding which of the deviations. if any, does represent an earlier phase
in the development of the plant under consideration. If, however, palaeo-
botanical data and the results of comparative morphology are taken in
conjunction with the data derived from experiment, than it may be found
that the latter will form a useful contribution to a probable solution of
evolutionary problems.

(a) Phyletic Problems. It has to be admitted that experiment has so far
provided very few data of service in the consideration of phyletic problems.
A few examples which will illustrate the possibilities and limitations of such
experimental contributions may be considered.

As described above (p. 120) LANG was able to induce the development of
axillary branches in young plants of Osmunda regalis. Such a deviation
from the normal morphological construction appears to strengthen the
conclusions reached by Kipston and GWYNNE-VAUGHAN as to the deri-
vation of the Osmundaceae from a Zygopterid source.

Experiment has also contributed to an understanding of the incidence of
isophylly and anisophylly in the genus Selaginella and such data are useful
in any consideration of the interrelationships of the various species.

Such examples are however few and their significance always open to
doubt and it must be admitted that experiment seems likely to be of very
limited service in the study of phylogenetic problems.

(b) The Evolution of the Gametophyte. Although, as shown above, there is
a considerable volume of experimental evidence as to the factors under-
lying the form of the cordate type of Fern prothallus, this evidence throws
little, if any, light on the evolutionary relationships of the various types of
Pteridophyte prothallus. It is, for instance, known that under certain
conditions a filamentous form of prothallus may be induced and maintain-
ed but such knowledge gives no indication of the phyletic relationship
between the filamentous type of prothallus, e.g. that of the Hymenophyl-
laceae, and the cordate type. Nor is any experimental evidence available to
indicate the origin of the subterranean types seen in the Ophioglossaceae
and the homosporous Lycopodiales 1).

!). The observations of LAND (Bot. Gaz., Vol. 75, 1923) on prothalli of Angiopteris
which had been buried by falls of friable soil are interesting in relation to this
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(¢} The Differentiation of the Sporophyte Plant Body. The most recent and
comprehensive attempt at a reconstruction of the historical development
of the differentiated sporophyte from an undifferentiated source is that
made by BoweRr (loc. cit.) on the basis of a wide comparative survey and,
in particular, on a consideration of the Psilophytales. The question arises
as to whether experiment can contribute anything to the solution of such
a problem. There may be mentioned the experiments of LANG on Osmunda
regalis in which the development of cylindrical rudimentary structures was
induced. LANG points out in relation to these that they may represent to a
certain extent “the indeterminate and almost thalloid structures that
underlie the differentiation of stem and leaf, however this came about.”
The formation of indeterminate structures possibly of comparable nature
and significance, was induced by WILL1AMS in Lycopodium Selago.

Facts bearing on the above problem are also provided by experiments
in which the replacement of leaves by shoots has been induced, e.g. those of
LANG on Osmunda regalis. Such experimental results stress the funda-
mental equivalence of leaf and shoot, a fact of considerable importance in
the discussion of the origin of the differentiated plant body.

Nevertheless, it is clear that the contribution of experimental morphology
to the solution of this problem is not likely to be a decisive one and ex-
periment, even if extended over a much wider range than has hitherto been
the case, is likely to provide merely a check on the conclusions based on the
classical comparative method.

(d) The Origin of Heterospory. It has been suggested on the basis of
evidence derived from the fossil Equisetales that the heterosporous habit
arose as a consequence of the abortion of a certain number of the spores and
the consequent better nutrition of the remainder; “this process, going on
more freely in some sporangia than in others, may ultimately have
rendered possible the excessive development of those spores that survived,
at the expense of the others, and may thus have led to the development of
specialised megaspores.” (ScoTT, Fossil Botany, 2nd Edit., p. 58).

Experiment has shown that nutritional factors are actually concerned in
the manifestation of heterospory. GOEBEL has stated that if the photo-
synthetic activities of plants of Selaginella are retarded by growing them
under conditions of feeble illumination the cones produce only micro-
sporangia. The influence of nutrition on the heterospory of Marsilia has been
investigated by SHATTUCK?). It was found possible to kill all the megaspores

question. They showed a cylindrical development of the cushion and the wings were
inconspicuous; an endophytic fungus was present. Such observations suggest a
possible mode of origin for the subterranean, cylindrical type of prothallus and
BoweR (Prim. Land Plants, p. 439) mentions the possibility of experimental work
in relation to this problem.

') Suattuck, C. H. The Origin of Heterospory in Marsilia, Bot. Gaz., Vol. 49,
1910, p. 19. '
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and a varying number of the microspores in the sporocarps by suddenly
lowering the temperature by means of a cold water spray. The plants were
then placed under favourable growth conditions and the sporocarps allower
to mature. Examination showed that in sporocarps in which the mega-
spores and not less than half the microspores had aborted, some of the
remaining microspores, presumably as a result of the increased supply of
food materials, showed increases in size up to sixteen times the normal.
The largest of these approached in size and some other features the
structure of normal megaspores.

The influence of nutrition on the incidence of heterospory appears there-
fore to be established and the experimental results may be regarded as
supporting the view already expressed on the basis of palaeobotanical
evidence.

§ 17. Conclusion. — The above survey will have indicated the relative
paucity of experimental data available for a consideration of the morpho-
logical problems presented by the Pteridophytes. It would appear that
further advance must await on the critical re-examination of some of the
results already obtained and the extension of experiment over a much
wider range of forms.

The possible lines of attack are various. One of these is the extension of
observation along lines similar to those of the experiments described in
this chapter. Many of these experiments require, as GOEBEL has said, only
“a plant, a pot of soil and a question”’. From them would come an accumu-
lation of data relating to induced deviations from the normal life-cycle,
regeneration phenomena, correlations of organs and tissues, the formation
of vascular tissue, the onset of fertility whether in the gametophyte or the
sporophyte, and many other questions. Such data would undoubtedly
possess great intrinsic interest and would probably contribute, when taken
in conjunction with the evidence derived from wide comparison, to the
solution of the major problems of morphology.

It is, however, urgently necessary that experiment should be extended to
the physico-chemical aspects of the problems. That such advance is possible
is evidenced by the discoveries of WENT and other workers of growth-
regulators, root forming substances and other plant hormones!). These
raise the hope that the further analysis of correlation phenomena and other
morphological problems may be rendered possible in the Pteridophytes
and other phyla.

Experiments along the line of morphological inquiry together with those
dealing with the physico-chemical aspects may ultimately approach to a
satisfactory analysis of the nature of the factors, both internal and external

1) See R. Snow, loc. cit., for a useful review of this work. See also P. Boysgn
JENSEN, Growth Hormones in Plants, 1936 and WiLLiams, S., Nature 139: 966.
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which underlie the normal life-cycle and structure. Such an analysis will,
however, leave unsolved the problem as to h o w the protoplasm responds
to the influence of these factors. From the physiological side it has been
pointed out that attempts at purely physico-chemical explanations are
“apt to involve over-simplification of the problem” 1) and in view of our
ignorance concerning the nature and activities of living protoplasm it is
clear that such explanations are imposssible at the present time. Studies in
the metabolism of different tissue elements and in what WEBER 2) has
recently termed “protoplasmatische Pflanzenanatomie” give an indication
of possible advance in this direction.

Finally there may be mentioned the related and even more difficult
problem presented by the nature of the “spezifische erbliche Struktur”.
The significance of the contributions from genetical and cytological
investigations in relation to this problem cannot be discussed here but
research in these special branches of experimental morphology is obviously
of fundamental importance and offers indeed the only direct line of attack
at the present time.

1} D. Tuobavy, loc. cit., p. 284.
) F. WEBER, Protoplasmatische P{lanzenanatomie, Protoplasma, Vol. 8, 1929.




CHAPTER IV

ASSOCIATIONS WITH FUNGI AND OTHER LOWER PLANTS

by
Mary J. F. GReGoRr (Edinburgh)

§ 1. Introduction. — The lower forms of plant life that occur in
association with living Pteridophyta may be roughly classified as epiphytes,
symbionts or parasites. These groups cannot, however, be regarded as
clear-cut and isolated, for transitional forms do exist. In the first-mention-
ed group the association is frequently a matter of chance, and many other
substrata would serve the epiphyte equally well. Nevertheless the host
may be injured or even killed by the epiphyte if the latter is present in
sufficient numbers. In the case of symbionts the association is often
obligatory, though there are instances of facultative as opposed to obligate
symbiosis; sometimes the symbiosis approaches very closely to parasitism.
Among the parasites are some which are mainly epiphytic in habit and
merely penetrate the epidermal cells here and there by means of haustoria.
Some are only parasitic for part of their life and continue to grow sapro-
phytically after the death of the host, while others are obligate parasites.

By far the majority of the lower plants that enter into intimate associ-
ation with Pteridophyta belong to the Fungi. Many of these cause diseases
while others have established a symbiotic relationship as mycorhiza; the
latter are discussed in detail in the following chapter. Our knowledge of the
pathogenic fungi dates from the beginning of the nineteenth century, when
PErsooN, Fries, FUCKEL and other mycologists described some of the
fungi occurring on Pteridophyta. In general, however, these early investi-
gators were more concerned with the fungus than with its relationship to
its host, and they frequently failed to differentiate between saprophytic
and parasitic species. Even now this difficulty may sometimes be en-
countered, but the increased use of experimental methods has resulted in a
greater emphasis on the biological relationships between fungus and host.

In addition to diseases caused by fungi there are a few attributed to
Myxomycetes and bacteria, while virus diseases have also been recorded on
a number of ferns. A state of symbiosis exists between the water fern
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Azolla and the blue-green alga Anabaena. Innumerable epiphytes repre-
senting all classes of lower plants may, under suitable conditions, grow
upon Pteridophyta.

§ 2. The fossil record. — Before passing on to a detailed discussion of
the various associations occurring at the present day, it may be of interest
to consider whether any such relationships existed during earlier geological
epochs. Considering the delicate nature of most fungi, algae and bacteria it
is not surprising that the records of fossil forms, though numerous, are
in many cases not very satisfactory. Nevertheless it is clear that fungi
certainly existed during the Carboniferous period or even earlier, while
evidence of bacteria extends back to pre-Cambrian times. Many of these
forms have actually been found in or on fossil Pteridophytes. At this point,
however, we come up against a serious difficulty, for it is well-nigh
impossible to determine whether they were true parasites, symbionts or
merely saprophytes.

Mycelium has been found in petrified tissues, sometimes associated with
injury to the cell walls. Often such hyphae show no diagnostic features, but
occasionally indications of reproductive organs, transverse septa or clamp
connections may give some guide to their affinities. Many of the records of
fossil fungi refer to leaf-spot fungi, and a number of these have been
described on the foliage of fossil ferns. Once again the situation is compli-
cated, for fungi, insect injuries and even normal leaf glands may easily be
confused in a fossilised condition, and undoubtedly some errors have arisen
from this cause. Even when the spot is unmistakably fungal in origin it is
often impossible to identify or describe the structural details of the causal
organism. But the fact remains that this type of fungus injury must have
been common in past ages even as it is to-day.

The humid conditions of the Carboniferous period would seem to offer an
ideal opportunity for the development of epiphytes, yet many observers
have commented on the remarkably clear cortical patterns of the Palaeo-
zoic plant remains which apparently indicate that such associations did not
exist in the coal swamps. ’

Since space does not permit of the enumeration of examples here, the
reader is referred to A. MESCHINELLI's “Fungorum Fossilium omnium
Iconographia” 1902, which is a list of fossil fungi recorded up to the year
1900. Interesting discussions and references to other literature will be
found in A. C. SEWARD’s “Fossil Plants”, Vol. 1, Pp- 207-222, 1898, and in
R. L. Moop1E’s “Paleopathology”’, Chapter III, by E. W. BERRY, 1923.

§ 3. Diseases of the Gametophyte. — The prothallia of the Pterido-
phyta live in such intimate connection with the soil and under such moist
conditions that they very readily fall victims to the damping-off fungi.
Cephalothecium yosewm CDA., which is usually a saprophyte, was recently



MARY J. F. GREGOR, ASSOCIATIONS WITH FUNGI 143

found in a greenhouse in Indiana causing severe damping-off of prothallia
of Pteris longifolia. Pythium Debaryanum HESSE, a species which is now
taken to include both P. Equisett SADEBECK and P. autumnale SADEBECK,
has been recorded by SADEBECK 1) as a parasite on the prothallia of Equz-
setum arvense, E. palustre and E. limosum. DE BARY 2) described P. tufer-
medium DE BARY attacking prothallia of Equisetum, Todea and Ceratopteris,
and he also successfully inoculated prothallia of Todea africana with P. meg-
alacanthum DE BARY and P. Debaryanum.

Of far greater biological interest than the above-mentioned omnivorous
Pythium species is Completoria complens LOHDE, a parasite in the prothallia
of Gymnogramme, Ceratopteris, Pteris cretica, Polystichum falcatum etc. It
belongs to the family Ewntomophthoraceae, most of whose members are
parasitic upon insects, and it has been studied in detail by LEITGEB 3) and
ATkiNsoN 4). Infected prothallia develop yellowish spots which later turn
brown, then black; ultimately the prothallia die. The vegetative body of
the fungus consists at first of a botryose cluster of oval or twisted hyphae
lying within a single host cell, which may be completely filled by it. When
mature, slender threads grow out from some of the peripheral branches,
penetrate neighbouring cells and there form new botryose clusters into
which the protoplasm of the parent body flows. Groups of thick-walled
resting spores are sometimes formed in the centres of the hyphal clusters.
Conidia, too, are produced on delicate branches which grow out on to the
surface of the prothallium; they are thrown off with considerable force and
give rise to new infections.

§ 4. Diseases of the Sporophyte. —a) Filicin ae. -— Glasshouse
diseases. When ferns are cultivated in greenhouses the moist atmosphere
provides ideal conditions for the development and spread of certain types
of fungous disease. Such diseases do not normally attack the ferns in their
natural habitats and they can usually be checked by improving the
ventilation of the houses. A good example is a case known personally to the
writer where Cladosporium herbarum (PERs.) LK. caused an outbreak of
disease among Pleris cretica in midwinter. The fronds became discoloured
and soon developed a greenish mould of conidia on both surfaces. Some
plants died, but as the season advanced and more light and air entered
the houses, the disease gradually disappeared. A somewhat similar epi-
demic on the same host was described by RosTRUP %), but here the causal

1) SADEBECK, R., Verhandl. bot. Verein d. Prov. Brandenburg, XVI, 116,
1874 and Tagebl. Versamm. deutsch. Naturf. u. Arzte in Breslau, XLIX, 100, 1876.

%) DE BaRry, A., Bot. Zeit., XXXIX, 528 & 553, 1881.

3) LeirGes, H., Sitzungsb. K. Akad. Wiss. Wien, LXXXIV, 288-324, 1881.

4 AtkiNsoN, G. F., Bot. Gaz., XIX, 467, 1894 and Cornell Univ. Agr. Exp.
Sta. Bull., 94, 252, 1895.

5) RosTRUP, E., Gartn. Tidsskr., 231, 1898.
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fungus was Congosporium filicinum RosTR. and hundreds of plants suc-
cumbed to the attack. Botrytis longibrachiata OUD. has been recorded as a
greenhouse parasite of various ferns in Germany ). B. cinerea, too, is
harmful in countries as far apart as Alaska and Germany, while Moniliopsis
Aderholdi RUHLAND may cause heavy damage to ferns. WHITE 2) studied a
disease of Cibotium Schiedei caused by Pestalozzia Cibotii WHITE. Under
greenhouse conditions this fungus kills frondlets or even entire fronds of the
fern. SORAUER %) has described a very curious slime disease of Cyathea
medullaris grown under glass. Open cankers developed at the bases of the
petioles, and cut surfaces oozed slime while the vascular bundles turned
black. The fronds withered and finally the whole plant died. It is possible
that the intumescences were caused by excess atmospheric moisture, but a
Nectria sp. was isolated in culture. No conclusion was reached as to the
cause of the various pathological phenomena.

Rusts. The diseases which attack ferns growing in the open under natural
conditions are, however, of much greater interest. Among these the fern
rusts havereceived the greatest share of attention and the reader is referred
to the following works for details of the numerous individual species:
P. & H. Sypow, Monographia Uredinearum, Vol. III, 1915. J. H. FauLt,
Taxonomy and geographical distribution of the genus Milesia, Contr. Ar-
nold Arb., No. 2, 1932. J. C. ARTHUR, Manual of the rusts in United States
and Canada, 1934. The aecidia and spermogonia, where these are known,
occur on various species of 4bies and may cause serious damage, especially
to seedlings and young trees. The uredo- and teleuto-sori develop on ferns,
giving rise to brown or black areas on the fronds which may be so extensive
as to cause considerable injury. The most important genera are Uredinop-
sis, Milesina (Milesia) and Hvalopsora. In the first-named genus the
whitish uredo-sori are enclosed in a delicate peridium, and septate teleuto-
spores are formed in a sub-epidermal layer or scattered in the mesophyll of
the frond. Amphispores, which serve as a resting stage, are produced
towards the end of the season by most, if not all, of the species. U. Osmun-
dae attacks various species of Osmunda while the other species are restricted
to the Polypodiaceae. In Milesina the uredo-sori are very similar to those
of Uredinopsis but the multicellular teleutospores develop within the
epidermal cells, usually one in each cell though sometimes several (Fig. 1).
By growth and septation they eventually fill the cell, taking the same form
and outline. A considerable number of species are known, widely distribut-
ed throughout the world. ARTHUR?) has described Milesia (Milesina)
australis on Lygodium polymorphum, also Puccinia Lygodii (HARIOT) ARTH.

') ApERrHOLD, R., Centralbl. f. Bakt., 2. Abt., VI, 625-626, 1900.
?) WHuITE, R. P., Mycologia, XXVII, 342-346, 1935.

}) SORAUER, P., Ber. Deutsch. Bot. Ges., XXX, 42-48, 1912.
1) ARTHUR, J. C., Bull. Torrey Bot. Club, LI, 53 & 55, 1924.
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on the same host. Sypow 1), too, described Milesina Lygodii SYD. on Lygo-
dium sp. The first and third species were based on uredo-stages only, while
the second had both uredo- and teleuto-spores. FAULL 2) states that all the
collections assigned to these three species show great similarity in the uredo-
stage and that further study is required before their taxonomic position
can be definitely decided. He therefore excludes them from his discussion
of the genus Milesia (Milesina) which, he states, only attacks ferns of the
family Polypodiaceae. Hyalopsora can be distinguished from Uredinopsis
and Milestna by its yellow, pulverulent uredospores. These are of two
kinds, differingin thickness of wall and certain other characters, but all
gradations between the two may be found: they possibly represent an
active and a resting condition. The septate teleutospores are formed inside
the epidermal cells. These rusts infect various genera of the Polypodiaceae.

In addition to those mentioned above Sypow 3) has described two other
genera of fern rusts, Desmella and Calidion. The sori of the former consist of

Fic. 1. Milesina Kriegeviana MAGN. on Dryopteris

spinulosa. Longitudinal section showing uredo-

sorus and teleutospores in epidermal cells. x 210.
(Adapted from drawings by P. MAGNUS).

bunches of spore-bearing hyphae emerging through the stomata. Both
uredo- and teleuto-spores are known but no aecidia or spermogonia. In
Calidion only the uredo-stage is known, but this is distinguished from all
other fern rusts by the conspicuous, thick-walled, coloured paraphyses
surrounding the uredo-sorus. Four species of Desmella and one of Calidion
are described, on various genera of Polypodiaceae and Schizaeaceae.

Ferns as hosts of crvop plant parasites. It is commonly assumed that
diseases of ferns, with the exception of the rusts that attack Abres, are of
little or no economic significance. This is probably true in the majority of
cases, but there are several records of dangerous parasites of cultivated
crops occurring also on ferns; in this way the latter may assume some
importance as perpetuators of the disease. Corticium koleroga (CKE.) v.H.
has been found on Polypodium lineare and Cyclop horus acrostichoides (Nipho-
bolus fissus) in Mysore 4).This fungus causes a serious disease of coffee, and
reciprocal cross-inoculations with isolations from the two ferns and from

) Sypow, H., Mycologia, XVII, 255, 1925.
?) Faurt, J. H,, lc, p. 122.
)
)

1

3

Sypow, H. & P., Ann. Myc., XVI, 241 & 242, 1918.
VENKATARAYAN, S. V., Journ. Mysore Agr. Exp. Union, VII, 23-28, 1925.

4
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diseased coffee plants gave positive results. Omphalia flavida MAUBL. et
RANG. is another virulent coffee parasite which attacks many other plants,
including ferns. Plerislongifolia has been shown by inoculation to be a host of
Sclerotium Rolfsis SAcc., a fungus whichinfects many different cropsin warm
countries. Corticium Solani BOURD. et GALZ. causes a disease of strawberries
in North America and is also frequently found on Pteridium aquilinum var.
pubescens in infected areas!). Bracken, again, is listed in Transvaal as a
host of Pythium aphanidermatum (EDS.) F1tTz.2), a species that attacks
tobacco, sugar-cane, tomatoesand other valuable crop plants. STEINMANNS3)
has recorded a thread blight of the Marasmius group on Nephrolepis hirsu-
tula in Java. A similar fungus occurred also on tea, coffee, pepper and
other economic plants and was capable of causing serious damage. In the
absence of fructifications, however, it was impossible to be absolutely
certain that the parasites on the different hosts were all identical.

Experiments on bracken control by parasitic fungi. In certain parts of the
world ferns of the genus Pteridium have become so abundant as to con-
stitute a menace to agriculture and forestry. Attempts have been made to
check the weed by various means, and the possibility of biological control
by the dissemination of parasitic fungi was one of the methods considered.
In this connection an interesting disease of Pleridium aquilinum was
investigated by GREGOR %). Dryopteris Filix-mas may also be attacked by
the disease and infection experiments demonstrated the susceptibility of
D. spinulosa, Polystichum aculeatum var. lobatum, Asplenium Trichomanes,
Polypodium vulgare, Blechnum Spicant, Cystopteris fragilis and Phyllitis
Scolopendrium. The causal fungusisarather unusual species of Corticium, C.
anceps (BRES. et SYD.) GREGOR. It does not exactly cause malformation
of the fronds, but since badly affected portions become very brittle and
readily break off, diseased fronds commonly have an irregular and lop-
sided appearance (Fig. 2). Infection takes place on the lower surface
of either pinnae or rachis, most usually by means of infection cushions,
though individual hyphae may enter through stomata. The internal
mycelium kills the affected portions of the frond while the superficial
hyphae cover the lower surface with a white felt-like mat on which the
basidia are borne. In the later stages sclerotia develop freely on this
superficial mycelium. The disease is markedly affected by environmental
conditions, particularly atmospheric moisture, and for that reason is not
likely to be of any value for eradication of bracken in a variable climate
such as that of Britain.

In New Zealand the rhizomes of Pteridium esculentum are sometimes

) ZELLER, S. M., Oregon Agric. Exp. Sta. Bull.,, 295, 1932.

) WAGER, V. A., S. African Journ. of Sci., XXX, 247-249, 1933.

3) STEINMANN, A., Arch. voor Cacao Nederl. Indié, Deel 2, 44—47, 1928.
) GREGOR, M. J. F., Phytopath. Zeitschr., VIII, 401-419, 1935.
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attacked and killed by a species of Fusarium. CONNINGHAM ) isolated this
fungus and carried out infection experiments with it. In the majority of
cases negative results were obtained, but in one set of experiments five out
of seventeen inoculated plants died and the Fusarium was reisolated from
the dead rhizomes. The next year, however, no trace of the disease could be
found in the infected area, so this attempt at biological control of bracken
was also abandoned.

Fi1G. 2. Lower surface of frond of Pteridium aquilinum
severely attacked by Corticium anceps.

Galls and malformations. Among the most interesting fern diseases, from
the point of view of the pteridologist, are those which result in galls or
malformations. GIESENHAGEN 2) has described two particularly striking
examples on tropical ferns. Taphrina Laurencia GIES. induces the for-

1) CunNINGHAM, G. H., New Zealand Dept. Agric. Bull., 132, 4, 1927.
?) GIEsENHAGEN, K., Flora, LXXVI, 130-156, 1892.
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mation of adventitious buds on the lower surface of fronds of Pteris quad-
riaurita, P. aspericaulis, P. Blumeana, P. nemoralis and Polystichum
avistatum. The buds develop into small, abnormal fronds which form a
dense bushy outgrowth resembling a witch’s broom The anatomy of
these abnormal fronds is very simple, and no stomata or sori occur on
them. The asci of the parasite develop in their epidermal cells and later
break through the outer walls to lie exposed on the surface. Taphrina
Cornu cervi GIES. causes a somewhat simpler type of outgrowth on the
fronds of Polystichum aristatum and P. carvifolium. In this case no adven-
titious buds have been observed, but on both surfaces of the frond appear
short cylindrical, simple or branched, structures about 1 cm. inlength
which contain a small vascular strand in direct connection with the vascular
system of the frond. The asci of the parasite develop, in this case, beneath
the cuticle of the epidermal cells of the outgrowths, and when mature they
break through this and are fully exposed. GIESENHAGEN found that many
of the galls on P. aristatum became infected with Urobasidium rostratum
GIEs., but this fungus was in no way responsible for the outgrowths.

There are a number of other species of Taphrina upon ferns, some of
which give rise to discoloured swellings on the fronds while others merely
cause leaf-spots of varying degrees of severity. A full list of these is given
in SORAUER’s , Handbuch der Pflanzenkrankheiten”, 5th edition, Vol. 1I,
p. 465 & 466.

Synchytrium Phegopteridis JUEL and S. Athyrii LAGERH. are responsible
for small galls on fronds and petioles of Phegopteris polypodioides and
Athyrium Filix-femina respectively. The galls are due to the enormous
enlargement of the epidermal cells containing the parasites.

Cryptomyces Pteridis (REB.) REHM and its conidial stage Gloeosporium
Pteridis (KaLcHB.) BuBak et KABAT cause a ‘leaf roll’ disease of Pteridium
aquilinum ). Infection takes place at an early stage through the stomataand
the fungus develops most freely in the lower surface of the frond, checking
the growth of that region. This results in a peculiar curling of the pinnae
which at the same time become thickened and exhibit a yellowish-green
discolouration. Diseased plants are somewhat stunted in growth. Brown
conidial fructifications and later black apothecia develop abundantly on
the lower surface, just below the stomata. The function of these stomata is
disturbed, which does not seriously affect plants in moist shady positions,
but those growing in exposed places readily succumb to heat or drought.

Pinnules of Osmunda regalis may be attacked by a smut fungus, Ustilago
Osmundae PECK 2) which brings about a curious deformation. The affected
parts turn brown or black, and are contracted into tufts. The brand spores
of the fungus develop inside the diseased pinnules and sometimes burst

1) KirriaN, K., Zeitschr. . Bot., X, 49-126, 1918.
%} PEeck, C. H,, Bot. Gaz., VI, 276, 1881.
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out along the vein but more commonly over the whole surface. Another
very interesting smut, Entyloma Nephrolepidis Rac., has been found by
RaciBorsk1l) on Nephrolepis biservata (N. acuta) in Java. The myceliumin-
vades the meristematic portionsofthe plants, with theresult that abnormal
fronds develop. These are smaller, wider and thicker than thenormal ones,
paler in colour and remain sterile. The hyphaelive within the cells of these
fronds and there form the colourless brand spores. Later, hyphae grow
out on to the lower surface of the frond and cut off oval conidia. The
conidiophores continue to grow, and old fronds are usually covered on the
under side with a dense white mat of mycelium up to 80 yu in thickness.
While discussing smuts on ferns, mention should also be made of E. Aspidii
(BrEs.) v. HOHNEL and its conidial stage Entylomella Aspidii (BRES.)
v. HouNEL. This fungus occurs on Dryopteris spinulosa, but no malforma-
tion results from the attack. The infected areas dry up and entire fronds
may be killed.

RaciBorski ) has described another curious disease from Java on
young fronds of Acrostichum (= Hymenolepis) spicatum. The spores of the
parasite, Platygloea Hymenolepidis Rac., germinate on the fronds and the
germ tubes each penetrate an epidermal cell. After repeated branching
within the cell they emerge again as bundles of slime-coated hyphae on
which basidia develop. Mesophyll cells are rarely invaded by mycelium but
they show a marked hypertrophy. Infection of the epidermis, however, is
usually so heavy that both surfaces of the fronds become thickly coated
with gleaming white slime. The fronds are bent and twisted and sub-
sequently some of them rot, though others appear to outgrow the disease.

Hevpobasidium Struthiopteridis (ROSTR.) LIND gives rise to malformation
of the fronds of Matteuccia Struthiopterss, but the fungus has not been
studied in any detail. Another species, however, H. filicinum (ROSTR.)
LinD, has been investigated fully by Jackson 3). It occurs in Europe on
Dryopteris Filix-mas, Phegopteris Dyyopteris, P. polypodioides, Cystopteris
montana and Dryopteris pulchella, and is also known in Canada and the
United States. The mycelium is systemic and perennial, presumably over-
wintering in the rhizomes. It gives rise to small brownish areas on the
young fronds, from the lower surface of which hyphae grow out, forming
a conspicuous white mould-like growth bearing basidia. The method of
infection is not known. No hypertrophy is caused by this species.

Leaf-spot diseases. There are a very large number of fungi that cause
leaf-spot diseases of ferns or, in some cases, a die-back of the tips of the
fronds. Many of these belong to well-known genera such as Gloeosporium,
Septoria etc. and are of no great interest or importance. On the other hand,
associated with this type of disease there are some very unusual fungi

1) RaciBorsKI, M., Parasitische Algen und Pilze Java’s, III, 8, 1900.
2) RaciBorskI, M., Bull. Acad. Cracovie, I, 356, 1909.
3) Jackson, H. S. Mycologia, XXVII, 553-572, 1935.
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which have been made the subject of detailed investigations. Valdensia
heterodoxa PEYR. is, from a mycological point of view, one of the most
curious of these. It was first described by PEYRONEL!) on Vaccinium
Myrtillus in Italy, but hassince beenrecorded on plantsfrom many different
families, including one fern, Athyrium Filix-femina. The hyphae within the
tissues are very large, up to 14 y in diameter. Beneath the epidermis arise
round fungal cells; each of these develops a short process which pierces the
epidermis, often through the stomata, and swells into a second cell from
which four radiating septate arms arise. In the centre, between these arms,
the cell becomes covered with small outgrowths coated with mucus. When
mature it is forcibly projected into the air by means of the arms, and blown
on to another leaf where it adheres by the sticky central cushion. Germin-
ation occurs rapidly from any cell in the presence of moisture. PEYRONEL
regards these interesting organs as bulbils and states that no sporeshave
been observed, nevertheless he thinks that the fungus most probably
belongs to the Ascomycetes.

STEVENS and DALBEY 2) have described a serious leaf-spot disease of
Cyathea arborea in Porto Rico. Small black spots are produced, often in
such profusion as to cover more than half the leaf area. They are due to
concentration of coarse dark mycelium in the epidermal cells and the
subsequent development of superficial pycnidia and perithecia. The
parasite shows affinities with both the Dothideales and the Phacidiales,
but inclines more towards the latter. The authors have proposed a new
genus for this fungus which they name Griggsia Cyathea. It bears a certain
resemblance to Rhagadolobium Hemiteliae P HENN. et LIND.3) which
forms thin black stromata on the lower surface of the fronds of Alsophila
samoensis in Samoa. This genus was originally included in the Phacidiaceae
but THEISSEN and SYDOW ¢) consider that it should rather belong to the
Dothideales. The mycelium develops freely in the mesophyll and lower
epidermis, fills the air spaces below the stomata then grows out through the
latter to form the stroma and asci. The stroma is thus anchored to the frond
at numerous points corresponding to the position of the stomata, never-
theless it readily falls away leaving a pale-coloured area with scattered
black dots which represent the stomata blocked with dark mycelium.

RaciBorskr %) has described a number of new fungi causing leaf-spot
diseases of ferns in Java. Among these may be mentioned Hymenocscypha
Asplenii Rac. on Diplazium pallidum, Morenoella Nephrodis RAc. on Dryop-
teris canescens, (= Nephrodium heterophyllum) Parmularia discoidea RAc. on

) PEYRONEL, B., Staz. Sperim. Agrar. Italiane, LVI, 521-538, 1923.

) STEVENS, F. L. and DALBEY, N., Bot. Gaz., LXVIII, 222-225, 1919.

) HeENNINGs, P., Engl. bot. Jahrb., XXIII, 287, 1896.

%) THuEeIsseEN, F. and Sypow, H., Ann. Myc., XIII, 240, 1915.

%) RaciBorskI, M., Parasitische Algen und Pilze Java's, II & III, 1900.

2
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Polypodium longissimum and Irydyonia filicis Rac. on Blechnum orientale.
Certain of them have since been discussed by THEISSEN and Sypow (l.c.)
who were able to add some further details concerning their structure,
development and taxonomic position. This valuable monograph of the
Dothideales includes a number of other species on ferns but unfortu-
nately, in the majority of cases, no indication is given as to whether
the fungi are parasitic or saprophytic.

Faris!) studied a wither-tip disease of Nephrolepis exaltata caused by
Glomerella Nephrolepis FAriS, whose conidial stage was shown to be a
species of Colletotrichum. AGGERY 2) recently published a very detailed
paper on some new diseases of ferns, which included descriptions of
Homostegia Polypodit AGG. on Polypodium vulgare and P. vulgare var. ser-
ratum, and Sphaerella subostiolica AcG. on the same hosts and also on P.
cambricum. The genus Sphaerella includes several other fern parasites,
namely S. Polypodii RABH. on Polypodium vulgare, Dryopleris Filix-mas,
Asplenium Trichomanes and Pteridium aquilinum, S. callistea Syp. on
Osmunda regalis, S. Botrychii RosTR. on Botrychium ternatum, and S.
Filicum (DEsM.) Fuck. on Dryopteris Filix-mas, D. spinulosa and Asplen-
wum Adiantum-nigrum.

It is, however, among the Fungi Imperfecti that the largest number of
species causing leaf-spots are to be found, and the following list may give
some idea of the variety of genera concerned: Phoma Botrychii Jacz. on
Botrychium matricariae, Phyllosticta Platycerii Tasst on Platycerium bifurca-
tum (= alcicorne), Vermicularia Scolopendrii Pass. on Phyllitis Scolopen-
drium, Ascochyta Pteridis BRES. on Pteridium aquilinum, Camarosporium
Asplenti SIEM. on Asplenium septentrionale, Septoria Scolopendrii SACC. on
Phyllitis Scolopendrium, S. mirabilis PK. on Onoclea senstbilis, S. Asplenii E.
et E. on Athyrium angustifolium, Melasmia imitans PECK on Pleridium
aquilinum, Gloeosporium Nicolai AGG. on Phyllitis Scolopendrium and G.
Polypodii AGG. on Polypodium vulgare, P.vulgare var. serratum and Polysti-
chum aculeatum?), G. Osmundae E. et E. on Osmunda cinnamonea, G. Pteridis
KLCHR., G.necans Elet E.and G.leptospermum PECK on Ptevidium aquilinum,
G. Phegopteridis FRANK on Phegopteris Dryopteris, Pestalozzia funerea DESM.
var. typica SACC. on Pleridium aquilinum, Cylindrocladium Pteridis WOLF
on Polystichum adiantiforme, Dryopteris normalis and Nephrolepis exal-
tata 3), Ramularia Scolopendrii FAUTR. on Phyllitis Scolopendrium, R. Bot-
rychit LINDROTH on Botrychium Lumnaria, Cercosporella Filicis-feminae
(BrEs.) HOHNEL on Athyrium Filix-femina, Macrosporium Scolopendrii
CKE on Phyllitis Scolopendrium, Alternaria Polypodii MAJoR on Poly-
podium sp. %), Cercospora Asplenii JAAP on Asplenium Trichomanes and

1) Faris, J. A., Mycologia, XV, 89-95, 1923.

2} AcGERY, B., Bull. Soc. d’Hist. Nat. Toulouse, LXVIII, 5-201, 1935.
)

)

3) Wotr, F. A,, Journ. Elisha Mitchell Sci. Soc., XLII, 55-62, 1926.
Major, T. G., Quebec Soc. Protection Plants Ann. Rept., 14, 59-61, 1922.
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Brachysporium Crepini (WEST.) SAcC. on Ophioglossum vulgatum ). Sclero-
tium deciduum DAVIS has been recorded as a parasite on Matteuccia Struthi-
opterts, but no details were given as to the symptoms produced on the host
plant. Finally we might add here Leptostroma filicinum FRIES which torms
spots on the petioles of various ferns. This list does not pretend to be
complete, and there are many species omitted which may perhaps attack
living plants but about whose parasitism no definite information could be
found.

Diseases of sori and spores. There are two interesting fungi that attack
the sori of certain species of Polypodium. Sorica maxima (B. et C.) GIES. isa
Pyrenomycete which has been discussed in detail by GIESENHAGEN 2). It is
recorded on P. crassifolium and P. punctatum from tropical America. The
mycelium forms a dense layer closely adpressed to the surface of the
placenta and enveloping the bases of the sporangial stalks. From this grow
out long thin stromata which swell slightly near the tip toforma perithec-
ium containing asci with round brown spores. Small hyaline conidia are
cut off from specialised hyphae borne on the surface of the stroma. Round
pycnidia are also formed on similar though much shorter stromata. The
fructifications of the fungus can be seen with the naked eye as fine black
threads, up to 2 mm. in length, radiating from the reddish brown sori. The
effect upon the host depends upon the stage of development of the sorus at
the time of infection. In very young sori the superficial cells of the placenta
are killed and no sporangia are produced. The fungus forms a dense mat
but does not appear to reach its full development under such circum-
stances. If the sorus is somewhat older, sporangia are still suppressed but
now a few fructifications of the parasite appear. All gradations can be
seen between such cases and those where the placenta has suffered no
apparent injury and sporangia and stromata occur abundantly side by
side. CoucH ®) has described another parasite, Septobasidium Polypodii, on
Polypodium sp. in Jamaica. This fungus at first grows only on the sori,
covering the developing sporangia and their stalks with hyphae. Penetration
of the pro-sporangial cells occurs but in spite of this a good many sporangia
mature. Later the mycelium spreads over the lower surface of the fertile
fronds, enveloping them in a white mat of mycelium which, however, does
not enter the epidermal cells but remains entirely superficial. Von
SCHENK %) recorded a parasite, Chytridium subangulosum A. BRAUN,
attacking spores of Dryopteris parasitica (= Asp. violascens) which had been
laid out to germinate. The fungus formed spherical sporangia on the surface
of the spores.

1

) Macgnus, P., Hedw., XLII, 222-225, 1903, and XLIV, 16-18, 1904.
?} GIeEseNHAGEN, K., Ber. Deutsch. Bot. Ges., XXII, 191-196 & 355-358, 1904.
3) CoucH, J. N., Journ. Elisha Mitchell Sci. Soc., XLIV, 255, 1929.

%) ScHENK, J. A. voN, Uber das Vorkommen contractiler Zellen im Pflanzen-
reiche, p. 8, 1858.
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Diseases attributed to Myxomycetes. SMITH ') has described and illustrat-
ed a disease of Phyllitis Scolopendrium which he said was caused by a
parasitic Myxomycete, Didymium effusum LINK. His account was based
on a single specimen sent from Cornwall. The frond was curiously forked
and distorted and more or less covered on both sides with the little greyish-
white sporangia which occurred on sori as well as on the vegetative parts of
the frond. No mention was made of any pathological symptoms apart from
the malformation. This Myxomycete is common as a saprophyte and
SmiTH himself points out that it is unlikely to attack perfectly healthy
ferns. It seems, therefore, doubtful whether the Myxomycete was really
responsible for the symptoms observed.

The plasmodia of certain Myxomycetes, for example Spumaria alba DC.
and Physarum gyrosum ROST., are said to be harmful to fern fronds under
moist conditions. They should probably, however, be regarded as epiphytes
rather than as parasites, for there is no record of any penetration of the
host tissues. Nevertheless, if present in large quantity, they do cause dis-
ease by cutting off supplies of moisture, light and air from the underlying
fronds. JAROCKI 2) has listed the following species as parasites on ferns:
Craterium minutum FRr., Leocarpus fragilis RosT., Diachaea leucopoda RosT.
and Didymium difforme DUBY all on Pteridium aquilinum, also Stemonitis
flavogenita JAHN on Phegopteris Dryopteris. The above remarks on the
relationship between Myxomycete and fern probably apply also to these
records.

Bacterial diseases. Thereis a well-known disease of ferns which has always
been attributed to Nematodes. Brown discoloured areas appear on the
fronds, the exact form varying considerably according to the species
attacked, but the spots are often sharply delimited by the veins of the
frond. A recent paper by AGGERY 3) maintains that this disease is caused by
bacteria which are introduced into the tissues by the Nematodes. Infection
experiments with cultures of these bacteria showed that they produced all
the typical macroscopic and microscopic symptoms without the aid of the
Nematodes. The worms enter the fronds through the stomata in order to
lay their eggs in the intercellular spaces; they bring with them bacteria
which normally live as saprophytes in the soil. Four different types of
bacteria were observed but were not identified, there appears therefore to
be no one specific organism which is the sole cause of the disease.

Another bacterial disease has been described by the same author on
Polypodium vulgare, P. vulgare var. servatum and P. cambricum. The
earliest symptom is the appearance of yellowish spots on the fronds. These
gradually turn brown, commencing at the centre. Often the midrib be-

1 SmrtH, W. G., Gard. Chron., II, 72-74, 1882.
) JAROCKI, J., Acta Soc. Bot. Polon,, II, 183-199, 1924.
3) AGGERY, B., Bull. Soc. d’Hist. Nat. Toulouse, LXVIII, 5-201, 1935.
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comes infected which results in the death of the distal portion of the frond.
Bacteria are abundant in the diseased tissues. They attack chloroplasts and
nuclei, ultimately destroying these. The infected cells and intercellular
spaces become filled with a brown gummy substance. In severe cases the
bacteria pass down the petiole to the rhizome, and fronds developed sub-
sequently are dwarfed and malformed as well as being affected with the
yellow spots. A rod-shaped bacterium was isolated which produced typical
symptoms when artificially inoculated into healthy ferns. The bacteria
enter the frond by the stomata or through wounds and insect punctures. A
fungus, Sphaerulina Polypodii AGG., often developed on the dead spots but
this organism was shown to be purely saprophytic.

Virus diseases. Although no decision has yet been reached by pathologists
as to the parasitic nature of virus diseases, it may be of interest to conclude
this section with a brief reference to certain records of virus infection in
ferns. HiNo 1) recently published a list of Japanese plants susceptible to
“mosaic and mosaic-like diseases’” which included ten species of the Poly-
podiaceae, namely Asplenium incisum, A. Wrightii, Athyrium coreanum,
Dryopteris erythrosora, D. sophoroides, Coniogramme japonica, Nephrolepis
cordifolia, Pteridium aquilinum var. japonicum, Pteris longipinnula and
Woodwardia radicans var. orientalis. There was a brief introductory note on
the economic aspects of mosaic diseases but no mention of experimental
work. It seems possible, therefore, that he was only dealing with some of
the many types of non-infectious variegation known to occur in ferns. A
second paper by the same author 2) described and illustrated certain
malformations of ferns said to be due to virus infection. Unfortunately the
present writer has been unable to obtain either the paper, which is written
in Japanese, or a summary of it, thus it is impossible to give details of this
record.

b)) Equisetinae. — Comparatively few parasitic fungi have been
recorded on Eguisetum, the only living genus of this class. SCHAFFNER 2)
has published an account of the ravages of a Discomycete, Stamnaria amer-
icana MASS. et MORG., on E. praealtum in Ohio. Large lesions appeared on
the lower internodes and finally became so extensive that the shoots were
killed. The orange apothecia developed in more or less longitudinal rows and
bore a superficial resemblance to the pustules of a rust. S. Equiseti (HoFrFM.)
SAcc. is also known as a parasite on E. arvense and E. hiemale. Among the
Fungi Imperfecti Gloeosporium Equisets ELL. et Ev. occurs on E. arvense,
E. hiemale, E. laevigatum, E. limosum and E. sylvaticum, while G. Krieger-
tanum BRES. attacks E. arvense. Fusarium Equiseti (CDA.) Sacc., F. aven-
aceum (FR.) Sacc. and F. bulbigenum CKE. et Mass. all invade the under-

') Hino, I., Bull. Miyazaki Coll. Agric. and For., V, 97-111, 1933.
?) Hino, I., Journ. Japanese Bot., X, 377-380, 1934, No. 6.
) SCHAFFNER, J. H., Amer. Fern Journ., XXI, 75, 1931.
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ground parts of Equisetum spp. and also cause diseases of various important
economic plants. Popp ) described Fusarium graminearum (F. roseum =
Gibberella Saubinetii) attacking and killing Equisetum; this fungus is a
dangerous parasite of cereals.

Jarockr ?) has recorded a Myxomycete, Craterium minutum FR., as a
parasite on E. sylvaticum, but in all probability the organism was only an
epiphyte, though possibly causing injury by purely mechanical means.

¢) Lycopodiinae. — Myiocopron Lycopodii ROSTR. causes a
disease of Lycopodium complanatum and L. chamaecyparissus in Denmark.
The minute black perithecia of the fungus break out all over the affected
plants. Leptosphaeria marcyensis (PECK) Sacc. attacks living plants of L.
Selago and L. annotinum, subsequently forming perithecia in the dead
leaves and stems. Leptosphaeria Crepini (WEST.) DE NOT. has also been
described as a parasite on L. annotinum and L. clavatum, blackening the
sporophylls by the abundance of its perithecia. A number of other fungi
have been recorded on various species of Lycopodium but no definite
statements were made regarding their parasitism.

Isoetes is the host of four very interesting parasites. A smut, Ustzlago
Isoetis ROSTR., was described by RoSTRUP 3) on I. lacustre from Denmark.
The light brown, spherical spores develop in the bases of the leaves. RAizo-
phidium Sphaerotheca ZopPF %) attacks and Kkills microspores of I. lacustre
and I. echinospora lying in water. This fungus belongs to the Chytridiales.
A delicate branched mycelium or haustorium is formed within the spore
and a sporangium on the surface. As many as twelve parasites may occur
on one Isoetes spore, and they bring about changes in the spore content,
converting it into large oil drops which are used by the fungus. The
sporangia give rise to minute uniciliate swarm spores which bring about
fresh infections. No resting spores are formed by this species. ZOPF also
observed another parasite which formed from 2 to 4 thick-walled resting
spores inside the Isoetes spores. He did not name the organism but stated
that it showed certain affinities with the Monadaceae, a family of Flagel-
lates. Ligniera Isoetis was described by PALM ) from Sweden in 1918. It is
a member of the Plasmodiophoraceae, a group of organisms allied to if not
included in the Myxomycetes. The parasite lives in the leaves of Isoetes
lacustre, producing irregular brown spots on them. The colour is due to
accumulations of spore-balls within the parenchyma cells. Each ball is
hollow and almost completely fills its host cell, conforming to the shape of
this. They are eventually set free by the decay of the invaded leaves. The
method of germination and infection was not described, but a study of

1) Popp, M., Oldenburg Landw. Bl., XXV, 400, 1931.
®) Jarocki, J., Lc.

) RostrUP, E., Bot. Tidsskr., XXVI, 306, 1905.

4) Zorr, Abhandl. Naturf. Ges. Halle, XVII, 92, 1888.
) ParLm, B., Svensk Bot. Tidskr., XII, 228-232, 1918.

3
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early phases of the disease revealed the presence of small amoebae in the
cells. These grew at the expense of the cell contents, forming a plasmodium
which in turn gave rise to the dark-coloured spore-balls.

Selaginella is sometimes attacked by Pythium Debaryanum which causes
‘damping off’ under greenhouse conditions. Synchytrium Selaginellae SOR-
oK. has been recorded on Selaginella sp., and Taphrina Selaginellae P.H. on
S. Menziesii. OLsON 1) has described a curious fungus, Acrospermum ur-
ceolatum OLSON, parasitic on S. rupestris. The small dark fructifications
develop on the upper surface of both sporophylis and foliage leaves, either
singly or in groups. They are vase-shaped with a wide apical aperture, and
it is difficult to decide whether they should be regarded as apothecia or
perithecia. The mycelium does not penetrate far into the tissues of the host.
Melanotaenium Selaginellae HENN. et NyM. 2) is a smut that grows in the
stems and bases of the leaves of Selaginella in Java. The spores are at first
brown, later black, and covered with warty outgrowths. They only germin-
ate after being set free by the decay of the host plant. Another smut,
Entyloma polysporium (PK.) FARL., was recorded by SINGH 3) on S. chryso-
caulos in India. Irregular brown or black patches developed on stems and
leaves due to the presence of dark-coloured, thick-walled spores in the tis-
sues. These occurred throughout the mesophyll of the leaf but only in the
more superficial layers of the stem. Owing to an inadequate supply of
material the full life-history of the fungus could not be investigated.

§ 5. Symbiosis and Epiphytism. — If one excludes mycorhiza, which
are being discussed in the following chapter, the only remaining case of
symbiosis is the well-known association of the water fern Azolla with the
blue-green alga, Anabaena Azollae. Most of our information on the morphol-
ogical aspect of this association is derived from the detailed account of the
fern by STRASBURGER %). The growing point of the stem is sharply curved
and in the resulting hollow on, the dorsal surface lie some filaments of the
alga. From here they pass into the cavities that develop in the upper seg-
ments of the leaves. Some of the epidermal cells lining these cavities bear
curious hairs consisting of a stalk and a swollen club-shaped terminal
portion. Similar hairs, either simple or branched, are also found among the
algal filaments on the dorsal surface of the growing point. Some filaments
of the alga penetrate beneath the indusium of the developing sporangia and
there change to a resting condition. When the embryo begins to form these
resting cells divide and give rise once more to characteristic filaments
which become ensconced on the stem apex of the embryo. STRASBURGER
found the alga present in every plant he examined of all the species of

) Orson, M. E., Bot. Gaz.,, XXIII, 367-372, 1897.
?) HENNINGS, P., Monsunia, I, 2, 1900.
)
)

1

3

SingH, T. C. N., New Phytol., XXIX, 294-296, 1930.
STRASBURGER, E., Uber 4zolla, 1873.
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Azolla, and since the fern showed no symptom of disease he decided that
it must be a case of symbiosis. That view was generally accepted, and it has
been suggested that the alga is capable of assimilating atmospheric
nitrogen while the swollen hairs of the fern absorb some of the resulting
nitrogenous products. The alga, on the other hand, benefits by the pro-
tection derived from the fern and perhaps also receives some supply of
carbohydrates from it. All this, however, was pure hypothesis until OEs 1)
experimented by growing Azolla on a nitrogen-free nutrient solution and
found that the fern could indeed thrive under such conditions. Later
LIMBERGER %) made an important contribution to our knowledge of this
association by cultivating plants of Azolla freed from the alga. He found
that growth and vegetative reproduction proceeded as usual and that the
plants could scarcely be distinguished macroscopically from “normal”
ones containing the alga. He therefore concluded that under the ordinary
conditions of cultivation the fern is not dependent on the alga. After a few
months, however, the alga-free ferns developed some curious abnormalities
in the swollen hairs lining the now-empty leaf cavities. Sometimes several
club-shaped cells appeared one above the other on the stalk cell, while
occasionally the swollen apical cell never formed at all. But after prolonged
cultivation without the alga these abnormal hairs disappeared. There was,
nevertheless, a gradual increase in the length of the normal hairs, the
terminal cells of which became densely filled with some albuminous
material. Marked accumulations of starch were also observed in the leaves.
Following up the line of investigation suggested by OEs, LIMBERGER
cultivated “normal” and alga-free ferns both on Knop’s solution and on a
nitrogen-free nutrient solution. On Knop’s solution both types of fern grew
well and reproduced vegetatively, but on the nitrogen-free solution the
alga-free Azolla gradually died out while the “normal” ferns flourished.
Thus proof was furnished that the algal association is obligatory for the
fern when it is growing on a medium which is deficient in nitrogen but is
not a necessity if an adequate supply of combined nitrogen is available.
The association of the two organisms may therefore be regarded as a
conditional symbiosis.

As pointed out in the introduction to this chapter, representatives of all
classes of lower plants may be found growing epiphytically upon Pterido-
phytes. This type of association is much commoner in moist tropical
climates than in the temperate regions, and it is sometimes difficult to
distinguish between epiphytism and parasitism since the former may on
occasion also result in direct injury to the tissues of the host plant. More
commonly, however, the injurious effect, if present at all, is general rather

1) Oes, A., Zeitschr. f. Bot., V, 145, 1913.
?) LIMBERGER, A., Akad. Wissensch. Wien, Math.-naturw. Kl., CXXXIV,

1-5, 1925.
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than localised and is due to restriction of light and gaseous exchange. Some
epiphytes are confined to particular hosts or groups of hosts and it is possi-
ble that they may have a chemical as well as a mechanical relation to their
supporting plant. Many others, however, grow equally well on a wide
range of plants or even on dead wood and stones.

To this latter group belong the innumerable algae that are found as
epiphytes upon ferns. Sometimes the prothallia are overrun to such an
extent that their development is checked, they remain sterile and are
ultimately killed. MAURIZIO !) has given an interesting account of the
nature and extent of the injury to ferns caused by heavy infestation with
epiphytic algae. Fronds with a thin epidermis are more seriously affected
than those with thick-walled epidermal cells. Frequently only the upper
surface is invaded but under favourable conditions the algae may extend
also to the lower surface and block the stomata. Sometimes they even
burst open the guard cells by purely mechanical pressure and enter the air
space below, but they cannot be regarded as in any way parasitic.

The Myxomycetes which have already been discussed in the section on dis-
eases (p. 153) should probably be regarded as epiphytesrather than as para-
sites, but it was thought preferable to treat them under the heading of dis-
eases since they had been recorded as parasites by the various authors
quoted.

There are many epiphytic fungi, some of which represent conditions
intermediate between true epiphytism and parasitism. FISHER 2) has de-
scribed a sooty mould of the tree fern Dicksonia caused by an epiphytic
fungus, Teichospora salicina (MONT.) GAU. It forms a dense black film on
the fronds and produces an abundance of perithecia and pycnidia, but
remains entirely superficial. Another interesting epiphytic fungus has been
described by Sypow 3) from Venezuela. It formed tiny white flecks on the
lower surface of some fronds of Diplazium expansum whose upper surfaces
were covered with epiphytic algae, mosses and lichens. The fungus formed
white membranaceous stromata on which were borne the asci. Sypow
created a new genus and species for this peculiar form which he named
Nipholepis filicina. He stated that it bore some resemblance to Myxotheca
hypocreoides FERD. et WINGE, a species which has, however, been studied
in detail by THAXTER 4) and found to be a lichen; it occurs on Trichomanes
pinnatum and various other ferns and flowering plants in Trinidad, and is
now known as Arthonia candida var. hypocreoides (FERD. et WINGE) VAINIO.

Lichens, mosses and liverworts may all occur as epiphytes on Pterido-
phyta, but no useful purpose would be served by considering them more fully
in this connection, since the association is not in any way an intimate one.

1) Mavurizio, A., Flora, LXXXVI, 113-142, 1899.

) Fi1sHER, E. E., Proc. Roy. Soc. Vict., XLVII (N.S.), 387-388, 1935.
3) Sypow, H., Ann. Myc., XXXIII, 93, 1935.

4} THAXTER, R., Mycologia, XIX, 160, 1927.
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CHAPTER V
MYCORHIZA
von
H. BURGEFF (Wiirzburg)

§ 1. Einleitung. — Farne sind im allgemeinen Bewohner feuchten und
humésen Substrats und tragen selbst in starkstem Masse zur Humificierung
des Bodens bei; sei es dass sie mit ihren feinverzweigten Wurzeln Mineral-
béden auflockern und durchldssig machen und absterbend als Humus zu-
riickbleiben, sei es dass sie sich als Epiphyten in der Traufe der Baume als
Humussammler ausgebildet haben, die ihn mit den mannigfaltigsten Orga-
nen festzuhalten und als Nahrung zu verwenden wissen.

Humése Substrate zeigen sauere Reaction; Farne sind im allgemeinen
acidophile Pflanzen. In saueren Boden herrschen Pilzmycelien vor; sie
mineralisieren die absterbende organische Substanz und machen sie wieder
fiir die griine Pflanze aufnahmefihig. Sie leben in der Rohhumuszone; der
eigentliche unter Sauerstoffabschluss gebildete echte Humus wird von
ihnen kaum angegriffen, wenn nicht von neuem Sauerstoffzutritt und
Abbau dieses fossilen Materials erfolgt.

Die Wurzeln aller Farne leben somit in engstem Contakt mit den Pilz-
mycelien und haben sich mit ihnen auseinanderzusetzen. Beziehungen, die
seit Jahrmillionen bestehen, haben feste Form angenommen; sie sind iiber
die Stufe des Parasitismus hinausgewachsen zur Symbiose in weitester Fas-
sung des Begriffs. Die nurparasitischen Verhiltnisse sind im vorigen
Kapitel ausfithrlich behandelt.

Scheiden wir den eigentlichen oder kteinotrophen und den symbioti-
schen Parasitismus aus, so bleiben Formen der Symbiose aller Grade zwi-
schen den unterirdischen Teilen, Wurzeln und Rhizomen der Farne mit
Pilzmycelien iibrig, Vereinigungen, die wir gewohnt sind als Mycorhiza
zu bezeichnen.

Nach der Auffassung der meisten heutigen Botaniker schliesst der Aus-
druck Mycorhiza Fille aller Art von Wurzel- oder Rhizomverpilzung ein.
Ein Nutzen fiir die griine Pflanze wird aus dem Bestehen einer solchen Ver-
bindung nicht von vornherein vorausgesetzt. Es gibt aber viele Fille,wodie
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Verpilzung der Pflanze Vorteil bedeutet und ebensoviele, wo sie nicht weg-
zudenken und als obligate Symbiose Voraussetzung fir die Existenz der
Pflanze wird, indem sie sie periodisch unabhingig von der Photosynthese
macht und ihr ein Leben als Saprophyt gestattet.

Alle Stufen kommen bei den Farnen vor. Schon bei Farnpflanzen der
Steinkohle finden wir die charakteristischen Mycelien in den Zellen der
Wurzelrinde und die nach deren Resorption entstandenen klumpigen
Excrete. (WEIss 1), OSBORNE 2)).

Wie E. STaHL 3) feststellte sind manche Stimme wie die Equisetales und
die Hydropteridales pilzfrei. Spatere Untersucher haben das bestitigt. Bei
anderen nimmt die Mycorhiza niedere Form der Ausgestaltung an und ent-
spricht einer weit verbreiteten Form der Samenpflanzen und der Bryophy-
ten; so bei den leptosporangiaten Farnen und den heterosporen Lycopo-
diales.

Nur bei 3 systematischen Gruppen hat sie héhere Ausgestaltung bei auf-
fallender Leistung erfahren: Unter den Eusporangiaten schliessen sich die
Marattiales noch eng an die Filicinae leptosporangiatae an, zwar obligat
verpilzt, aber ohne deutliche Abhingigkeit von der Verpilzung. Anders die
Ophioglossales, welche in simtlichen Formen saprophytisch-mycotrophe
Prothallien fithren; ebenso wie die Psilotales. Die merkwiirdigste Ausge-
staltung hat die Mycorhiza bei den isosporen Lycopodiales genommen.
Ihre Sporophyten sind meist autotroph, ihre Gametophyten zeigen aber
verschiedene Grade fortschreitender Compliciertheit der Mycorhiza, die bei
vielen zum Holosaprophytismus fiihrt.

Die geschichtliche Entwicklung unserer Kenntnisse
iiber die Farnmycorhiza ldsst sich nicht ohne Zusammenhang mit der Ge-
schichte der Mycorhiza selbst schildern. M. C. RAYNER hat in ihrem Buch
,Mycorhiza” (London 1927) diese Entwicklung eingehend behandelt, viel
eingehender als es mir der hier zur Verfigung stehende Raum gestattet.
Zudem ist die Aufklirung der mycorhizalen Verhiltnisse bei den Farnen in
engstem Zusammenhang mit der entwicklungsgeschichtlichen Erforschung
der verschiedenen Pteridophytenstimme erfolgt und nur gelegentlich Ob-
ject besonderer Studien gewesen. So hat sie auch stets in der Aufdeckung
anatomischer und cytologischer Befunde bestanden, auf grund deren man
iiber die Beziehungen physiologischer Art zwischen den Symbionten die
verschiedensten Vermutungen, meist sehr allgemeiner Art, aussprach.
Wihrend bei den Samenpflanzen, bei Orchideen, Ericaceen, Pirolaceen und
Monotropaceen, auch bei der Baummycorhiza schéne Ergebnisse experi-

1) WEerss, F. E., A mycorhiza from the lower coal-measures, Ann. of Bot. 18,
255-266 (1904).

%) OseorNE, T. G. B., The lateral roots of Amyelon vadicans Will. and their
mycorhiza. Ann. of Bot. 23, 603-611 (1909).

%) StaHL, E., Der Sinn der Mycorhizenbildung, Jahrb. f. wiss. Bot. 34 (1900).



H. BURGEFF, MYCORHIZA 161

mentell physiologischer Untersuchung vorliegen, steckt die Analyse der
Farnmycorhiza noch in den allerersten Anfingen. Das hingt damit zu-
sammen, dass es bisher niemals gelungen ist die Pilzsymbionten der Farne
in freier Kultur zu erhalten und die Synthese der Symbiose in Reinkultur
durchzufithren.

Die Art der Pilzsymbionten ist hieran schuld.

Alle Farne fithren die Phycomycoide Mycorhiza. Die Pilzmycelien sind viel-
kernig, querwandlos, bilden blasige | Vesikel”, eine Form der Verpilzung,
die auch bei Samenpflanzen sehr verschiedener Familien der Gymnosper-
men und Angiospermen beobachtet ist, JANSE 1), GALLAUD 2), PEYRONEL 3),
JONES ) u.a.

Der zytologische Bau der Mycorhiza, insbesondere die Form der Organe
des Austausches geben heute — unter Verwendung der Analogien mit Fil-
len bei den Samenpflanzen — die Méglichkeit der Klassificierung.

Vier Typen bestehen bei den Farnen: Thamniscophage, tolypothamnisco-
phage, ptyophage und chylophage Mycorhiza.

Die von den Orchideen, den Pirolaceen und Ericaceen bekannte tolypo-
phage Form kommt bei den Farnen nicht vor.

§ 2. Thamniscophage °) Mycorhiza. — Es handelt sich bei diesem
Typus um einen ausserordentlich weit verbreiteten, dem gewisse primitive
Merkmale eigen sind. JANSE’s Beobachtungen an einer Selaginella-Art des
javanischen Urwaldes mdgen hier als Beispiel dienen und in die Frage nach
der Beurteilung der Mycorhiza einfiithren ?):

Querwandlose Pilzhyphen dringen aus dem umgebenden Erdboden in
die dusseren Zellen der Wurzelrinde ein, gelangen sich verzweigend in die
tiefer liegenden Zellschichten und treten hier in die Intercellularriume
iiber, denen sie hauptsichlich der Liange nach verlaufen. Hier entstehen
zahlreiche terminale Anschwellungen oder , Vesikel”’, die Reservestoffe
speichern (Fig. 1 a, b). Zweige der interzellularen Hyphen dringen nun nach
Art von Haustorien in das Innere der angrenzenden Zellen, wo sie sich fein
veristeln. An diesen Asten entstehen dann die sogenannten , Sporangio-
len”, angenihert kugelige oder unregelmaissig gestaltete Korper mit war-
ziger Oberfliche, die nach JANSE auf kugelige Inhaltsmassen (, sphérules’)

1) Jawxsg, J. M., Les endophytes radicaux de quelques plantes javanaises, Ann.
Jard. Bot. Buitenzorg 14, 53-212, pl. V-XV (1897).

?) GALLAUD, J., Etudes sur les mycorhizes endotrophes Rév. gén. Bot. 17, (1905).

%) PEYRONEL, B., Prime richerche sulle micorize endotrifiche e sulla microflora
radicicola normale delle Fanerogame. Rivista di Biol. 5, 463-485 (1923), l.c. 6,
17-53 (1924).

9) Jones, F. R., A mycorhizal fungus in the roots of Legumes and some other
plants. Journ. of Agric. Res. 29, 459-470 (1924).

) Anmerkung: fanvigrog = kleiner Strauch = arbusculus.
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Fre. 1. — a, Selaginella spec. Infektion und Verpilzung der Wurzelrinde (nach

JANSE). — b, Selaginella spec. Terminale und intercalare Vesikel an intercellula-

ren Hyphen der inneren Wurzelrinde (nach JANSE). — ¢, Selaginella spec. ,,Sporan-

giolen in drei Entwicklungsstadien (1-3) (nach JANSE). — d. 4lisum sphaevocephal-

um, zwei Zellen mit zwei Arbuskeln, das eine im Beginn der Einschmelzung (nach

GALLAUD). — e~k, Psilotum triguetrum. Fortlaufende Stadien der Zustandsiander-
ung in den Zellkernen der Verdauungszellen (nach SHIBATA).
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zuriickzufiithrenist. (Fig. 1¢). Die Spherulae sollen feine granulae (| granu-
les”’) enthalten, die frei werden und die Zelle mit einer granulierten Masse
und Oeltrépfchen erfiillen.

Die Natur der ,Sporangiolen” hat JANSE nicht erklirt, doch schliesst
er die Moglichkeit aus, dass es sich um irgendwelche Fortpflanzungsorgane
des Pilzes handeln konne.

J. Garraup ) untersucht zahlreiche Pflanzen, so Lebermoose, Mono-
und Dikotylen und findet wieder querwandlose oder — arme Pilze mit zu-
sammengesetzten oder einfachen Haustorien, fiir welche er den generellen
Ausdruck Arbuskeln (,arbuscules”) pragt. An ihnen entstehen die | Spo-
rangiolen” JANSE’s teils terminal (,arbuscules simples”) (Fig. 1d), teils
lateral (| arbuscules composés)”.

GALLAUD deutet die Sporangiolen als Reste verdauten Pilzmaterials,
die sich je nach ihrem Gehalt an organischen Stoffen verschieden
farben.

Bei meinem Referat iiber Symbiose im Handwoérterbuch der Naturwis-
senschaften IX, S. 812 (1934) rechnete ich JANSE’s und GALLAUD’s | Spo-
rangiolenmycorhiza” zu dem 1932 2) aufgestellten Typus der Ptyophagen
Mycorhiza, allerdings unter Hinweis auf gewisse Uberginge zur tolypopha-
gen Form. Nachdem ich nun die Farnmycorhiza nachuntersucht habe,
komme ich zu dem Ergebnis, dass dies nicht méglich ist. Bei der ptyopha-
gen Mycorhiza werden junge noch wachsende, meist unverzweigte Hyphen
zum Platzen und zum Plasmaerguss gezwungen. Das Plasma wird von der
Zelle resorbiert, die Reste werden durch Celluloseauflagerung aus der Zelle
ausgeschieden. Manchmal werden ausgestossene Plasmaballen auch nach
kurzem selbstédndigem Leben und eigener Wandbildung verdaut (Ptyogene
Vesikel).

Bei den meisten der von GALLAUD untersuchten Pflanzen und ebenso bei
vielen Farnen findet dagegen eine Agglutination der ganzen Haustorien
oder Arbuskeln statt, also eine Einschmelzung von 4lteren ausgewachsenen
Hyphenverbinden (gelegentlich auch von Vesikeln), die der tolypophagen
Mycorhiza viel niher steht und hier als Thamniscophage Mycorhiza be-
zeichnet werden soll.

a) Primitive Formen

In der Einleitung zu diesem Kapitel ist bereits der Fall der von JANSE 8)
beschriebenen Selaginella geschildert. Auch BRUCHMANN %) hat bei der
europdischen Selaginella spinulosa Verpilzung der Wurzeln festgestellt.

1} Garraup, l.c., S. 161

?) BURGEFF, H., Saprophytismus und Symbiose, Studien an tropischen Orchi-
deen, Jena (1932).

%) JANSE, l.c., S. 161

9 BrucHMANN, H., Untersuchungen iiber Selaginella spinulosa. Gotha: Perthes
(1897).
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Andere Arten schienen pilzfrei — wenigstens in Kultur (Selaginella Lyallii
SPRING nach BRUCHMANN 1).

Pilze dhnlicher Art sind nachgewiesen bei griinen Prothallien von Glei-
cheniaceen und Osmundaceen (CAMPBELL ?)) Genauere Untersuchungen
liegen nicht vor.

Wahrscheinlich hierher gehérig ist auch die merkwiirdige Verpilzung
der rhizoidtragenden Kugelzellen an dem Fadenprothallium der Schizaea
pusilla (BR1TTON & TAYLOR 3)).

Einer besonderen Behandlung bedarf die obligate Mycorhiza der Marat-
tiaceen, die eigener Zige nicht entbehrt.

b) Marattiaceenmycorhiza

Russow %) findet in den Zellen der Wurzelrinde von Marattiaceenwur-
zeln  grumdse’” Massen, von denen er nach Beobachtungen an Ophioglos-
sum glaubt, dass sie durch Pilzhyphen verursacht werden. KUHN 3) be-
obachtet die Entstehung der Excretklumpen aus Vesikeln und umgeben-
den Hyphen. Seine Isolierungsversuche des Pilzes in Rosinensaft-Hénge-
tropfen auf dem Objecttriger geben Mycel mit verschiedenerlei Conidien-
formen. Auch CAMPBELL 2), und CHARLES 6) beschiftigen sich mit diesen
Objecten.

Eine sehr eingehende vorziigliche Bearbeitung der Maratticeenmyco-
rhiza stammt von C. WEsT 7). Der Autor findet simtliche Gattungen und
Arten mit seltenen Ausnahmen einzelner Pflanzen verpilzt, so Angiopteris,
Mavrattia, Kaulfussia, Archangiopteris und Danaea.

Das querwandlose kriftige ungleichmissig dicke Mycel des Pilzes dringt
ohne Scheidenbildung in die Zellen der Epidermis und der dusseren Wurzel-
rinde ein und verzweigt sich sparlich in diesen Zellschichten. In den tiefe-
ren Schichten wird es interzellular und entsendet, den Intercellularen ent-
lang wachsend, zahlreiche Haustorien in dieangrenzenden Zellen. Die Haust-
orialhyphen verzweigen sich ungemein stark und werden in dieser Weise

1) BRUCHMANN, H., Von den Vegetationsorganen der Selaginella Lyallii Spring.
Flora 99, 436-464 (1909).

) CampBELL, D. H., Symbiosis in Fern-Prothallia. The Amer. Nat. 42, 154-165
(1908).

3) BrirtoN, E. G., and TaYLOR, A., Life history of Schizaea pusilla. Bull. Torrey
Bot. Cl. 28, 1—19 (1901).

%) Russow, J., Vergleichende Untersuchungen der Leitbiindel-Kryptogamen.
Mém. Akad. Imp. Sc. de St. Pétersbourg 19, (1872).

5) KvuN, V. R., Untersuchungen iiber die Anatomie der Marattiaceen und
andere Gefasskryptogemen. Flora 72, 457-504 (1899).

¢) CHARLES, G. M., The anatomie of the sporeling of Marattia alata. Bot. Gaz.
51, 81 (1911).

) Wesrt, C., On Stigeosporium Marattiacearum and the mycorhiza of the
Mavrattiaceae. Ann. of Bot. 31, 77-99 (1917).



Fic. 2. — a, Lycopodium Selago, Spore zu Beginn der Keimung. — b, 5 zelliges
Empfingnisstadium. — d, Stadium mit entwickelter Mycorhiza. — ¢, Haarfuss-
ferzenzelle. — ¢, L. clavatum, Erste Infektion des Sporenkeimlings (nach BruUcCH-
MANN). — f. Ophioglossum pendulum, zwei Monate alter Keimling, aus 4 Zellen be-
stehend, die basale Zelle durch eine Pilzhyphe inficiert, die bereits eine , Deform-
ation” erleidet (nach CAMPBELL). — g—i, Stigeosporium wmarattiaceayum WEST.
,Ruhesporen” aus den Geweben der Pflanzen (nach WEsT). — &, Galeola hydra,
Structur der Rohrentiipfel. — m, Gastrodia callosa Rohrentiipfel auf Zellwanden
und Pilzhyphen (nach BURGEFF).
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zu Arbuskeln. Die Arbuskeln verlieren ihre Form und gehen in granulire,
structurlose, klumpige, stark lichtbrechende Massen (, Sporangiolen’)
itber, die bereits mit blossem Auge in den Schnitten sichtbar sind. Sie
farben sich mit Jodlésung gelb und bleiben in SO,H, und KOH unverin-
dert. Schleimkanile und Gerbstoffzellen werden nicht vom Pilz beriihrt.
Ausserdem bildet der Pilz die iiblichen Vesikel als | temporary reserve or-
gans”, die spiter entleert werden, und ,resting spores”: kugelige dick-
wandige, mit dreifacher Membran versehene 6lerfiillte Gebilde (Fig. 2¢g_z),die
an Oogonien erinnern, mangels der Antheridien aber nicht mit solchen
identisch sein kénnen. WEST vermutet, dass sie nach dem Absterben der
Wurzel den Pilz regenerieren. Isolierungsversuche sind vergeblich. W. hilt
den Pilz fiir nahe verwandt mit der Gattung Phytophthora und beschreibt
ihn zum Unterschied von dieser als conidienfreie neue Gattung und Art
Stigeosporium Marattiacearum.

Die Mycorhiza von Danaea weicht nicht unbetrdchtlich ab. Sie ent-
wickelt sich hier in den Ausseren Schichten der Wurzelrinde, die von den
inneren durch eine sclerenchymatische Scheide getrennt sind. Das Mycel
zeigt gleichmissigeren Durchmesser und ist intracellular (da Intercellula-
ren augenscheinlich fehlen). Ebenso fehlen die | resting spores”. Die Zell-
kerne sollen sich nicht vom Hypheninhalt abheben. West vermutet
das Vorhandensein eines von dem Stigeosporium abweichenden Sym-
bionten.

Um einen eigenen Standpunkt zu gewinnen, habe ich die Marattiaceen-
mycorhiza an Marattia alata und Angiopteris evecta nachuntersucht. Da-
naea-Pflanzen standen mir leider nicht zur Verfiigung.

Der intercellulare Verlauf der Hyphen in der Innenrinde, — die Zell-
schichten der Aussenrinde haben keine Interzellularen — ist sehr demon-
strativ, besonders dadurch, dass dieinficierten an die Intercellularen gren-
zenden Zellen an den Tiipfeln nach innen gerichtete Celluloseemergenzen
aufsetzen, die als Reaction auf eindringende Reizstoffe des Pilzes gedeutet
werden miissen (, R6hrentiipfel” vgl. BURGEFF 1), S. 178). Die in die Zellen
eindringenden Haustorialhyphen sind sehr zahlreich in jeder Zelle, ihre Ver-
zweigung zu Arbuskeln ist wenig deutlich (in den WEsT-schen Figuren
auch nicht nachzuweisen). Schon nach den ersten Verzweigungen zu Ar-
buskeln scheint Einschmelzung von Hyphen vorzukommen. Klare Bilder
von Arbuskeln fehlen. Neben amorphen Massen, die sich mit , Glycogenjod
nach A. MEYER” griinlich, mit Chlorzinkjod an Microtomschnitten bliu-
lich farben (Amyloid) und nur spirliche Hyphenreste enthalten, finden sich
bedeutende Massen ,lebenden Plasmas™ mit ungemein zahlreichen Mito-
chondrien vermischt. Die ganzen Vorginge der Resorption des Pilzmate-
rials weichen von den iiblichen Bildern ab, und bediirfen noch genauerer
Untersuchung. Fig. 3 oben mag hier eine Vorstellung der Marattia alata-

!} BURGEFF, H., Saprophytismus und Symbiose, Jena 1932.
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Mycorhiza geben. Die intracellularen Vesikel werden nicht zerstért, son-
dern zu ,resting spores”. Der Materialgewinn der Pflanze bleibt problema-
tisch.

¢c. Diehochentwickelte Formder Ophioglossaceen

MILDE 1) beobachtete in den Wurzelrindenzellen von Botrychium teig-
shnliche”” Massen, Russow 2) fand daneben Pilzhyphen. ATKINSON 3) un-
tersucht ein Dutzend Arten von Botrychium und Ophioglossum und findet
alle Arten verpilzt. GREVILLIUS %) beobachtet die Mycorhiza bei allen un-
tersuchten scandinavischen, europdischen und tropischen Botrychium-
arten und macht genaue Angaben iiber die Ausdehnung der Wurzelinfect-
ion bei den einzelnen Arten. Isolierte Pilznester hinter dem Meristem kon-
nen sich weiter hinten zum Pilzmantel schliessen. ,Hyphenknéuel” in den
Zellen sind mit den , interzellularen” Lingshyphen durch Stielhyphen ver-
bunden. Die Kniuel sollen der Resorption durch die Pflanze verfallen.
JANSE (1897) beobachtet gut die Infection von Oph. pendulum; wenig
gliicklich ist die Darstellung der Sporangiolenbildung. LANG (1902) be-
schreibt die Verpilzung der Prothallien von Oph. pendulum und Helmin-
thostachys zeylanica und findet in jungen Prothallienteilen Vesikel, in
alten , small shriveled bodies”’. BRUCHMANN (1904) beobachtet bei Ophio-
glossum vulgatum die Infection der Zellen, das Verschwinden der Stirke,
die , Entartung” der Hyphen, das Zuriickbleiben von , Klumpen”. Der Pilz
soll Humusstoffe in Baustoffe fiir die Pflanze verwandeln. Seine Untersu-
chung von Botrychium (1906) bringt iiber die Mycorhiza nichts wesentlich
neues. CAMPBELL %) beobachtet in sehr bedeutenden Studien Keimung und
Infection der Sporen von Oph. pendulum und Oph. moluccanum und be-
schreibt an erwachsenen Prothallien von Oph. pendulum die Zellinfection,
den Abbau der Stirke, die Ausbildung verschiedener Arten von Vesikeln,
auch charakteristische Unterschiede bei dem Prothallium von Botrychium
virginianum, von dem er Zellen mit unregelméssigen Mycel neben , diges-
tiv’’ Zellen abbildet. BONIKE L. §) gibt als erster Zeichnungen des Ver-
dauungsvorgangs. Leider war mir der russische Text der Arbeit nicht zu-
ginglich.

Nach eingehendem Studium der vorher aufgezihlten Literatur ist es mir

1) MILDE (1869) cit. in GREVILLIUS (1895) siehe unten.

?) Russow, l.c. S. 164.

3) ATKINSON, G. F., Symbiosis in the roots of Ophioglossaceae. Proc. Am. Ass. {.
the Advanc. of Sc. 254/55 (1894).

4) GreviLLius, A. Y., Uber Mycorhizen bei der Gattung Botrychium nebst
einigen Bemerkungen iber das Auftreten von Wurzelsprossen bei B. virginianum
Swartz. Flora 80, 445-453 (1895).

8) CAMPBELL, l.c. S. 164.

§) BONIKE, L., Sur les mycorhizes endotrophes des Orchidées, Pirolacées et
Ophioglossaceae. Trav. de Nat. 4 I'Un. Imp. de Kharkow 43, 1-32 (1909).



F1G. 3. — Oben, Mavrattia alata, Radialer Schnitt durch die Wurzelrinde; unten am
Rand Zellen des innersten stirkereichen Speichergewebes, nach oben drei Zell-
schichten mit in Agglutination befindlichen Arbuskeln. In den Zellen auf der rechten
Seite zwel intracellulare, in der Mitte ein intercellulares Vesikel. Die intracellularen
werden zu dickwandigen ,, Ruhesporen”’. Tanninbeize-Eisenfarbung (524 : 1). —
Unten, Ophioglossum pendulum, Oben Mitte: , Vorgeschobene’ Pilzwirtzelle; in die
angrenzenden Verdauungszellen nach links unten und rechts verlaufen Hyphen, die
Sternarbuskel tragen. Ein Teil dieser Arbuskeln ist bereits in dunkel gefarbte
Excretkdrper verwandelt. Haematoxylin-Eisenalaun — Safranin (524 : 1).
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nicht moglich gewesen, manche Widerspriiche und Ungenauigkeiten in den
Angaben und Zeichnungen der Autoren zu klaren. Nun hatte ich aber das
Glick in Java nicht nur reichlich Pflanzen von Ophioglossum pendulum
und O. moluccanum, sondern ,auf Campbells Pfaden”, d.h. in einem A4s-
plentum nidus-Nest bei Tjibodas auch die Prothallien des O. pendulum aui-
zufinden. Die Untersuchung erfolgte an Microtomschnitten nach den bei
ptyophager Orchideenmycorhiza 1932 geschilderten Methoden. Es ergab
sich folgendes:

Im Sporophyten von Ophiogl. pendulum sind nur die dilnnen Wurzeln
regelmissig verpilzt. Die Infection beschrankt sich auf die dussereinterzellu-
larenlose Wurzelrinde, derentwegen die durch die Epidermis eindringenden
querwandlosen vielkernigen Hyphen intracellular verlaufen. Bei der
Durchbohrung der Winde treten keinerlei Reactionen der Zelle durch
Abscheidung von Cellulosescheiden ein, auch sind keine Appressorien
sichtbar. Die Zellwand wird vom Pilz gelost.

Zellen der vierten, der fiinften und der sechsten Schicht konnen als Pilz-
wirtzellen fungieren. Zellen der fiinften oder sechsten Schicht als Pilzver-
dauungszellen. Wird eine Zelle der vierten Schicht besiedelt, so wachsen
simtliche Hyphen in dieser Zelle angedriickt an den an die fiinfte Zell-
schicht angrenzenden Zellwanden. Sie scheinen interzellular, sind aber wie
diinne Wurzelquerschnitte ausweisen intracellular und augenscheinlich
durch von der Verdauungszelle zudiffundierende Stoffe zum Appressions-
wachtsum gezwungen. Fungiert eine Zelle der fiinften Zellschicht als Pilz
wirtzelle, so werden neben denen der 6ten auch die nicht infizierten der
Sten Schicht zu Pilzverdauungszellen. Fig. 3 unten gibt ein Bild einer
solchen vorgeschobenen Pilzwirtzelle. Differenziert sich in seltenen Fillen
eine Zelle der 6ten Schicht zur Pilzwirtzelle so wird das Bild der ganzen
Mycorhiza invers. Appressionswachstum der Hyphen erfolgt jetzt an den
nach aussen gerichteten Winden.

Die Infection der Verdauungszellen ist hochst merkwiirdig; eine kraftige
aus der Pilzwirtzelle eindringende Hyphe wird zu einem diinnwandigen
viele blasige Aussackungen treibenden Haustorium, dasich Sternarbuskel
nennen will. (Fig. 4 links oben). Die Starke wird nun langsam abgebaut. Der
Abbau fiihrt jedoch nicht immer zu vélligem Schwund der Starke. Vielfach
lassen sich sehr kleine Starkekorner in den Amyloplasten der Verdauungs-
zellen noch nachweisen. Der Sternarbuskel fillt schliesslich mit seinen
Aussackungen denQuerdurchmesser der Zelle aus. Man beobachtet an weiter
fortgeschrittenen Stadien ein Knittern der Wande, die immer mehr zusam-
menschrumpfen. Der Inhalt zeigt noch gefarbte Kerne und dunkle Schollen
anderer Substanz (Fig. 4 links unten). Die zerknitterte Wand wird immer
mehr zusammengeballt und liefert einen unregelméssig rundlichen, noch mit
der Zuleitungshyphe verbundenen, scharf berandeten, stark lichtbrechenden
Excretkorper, die | Sporangiole” JANSE’s. (Fig. 3 unten, 4 links oben). Die
Zelle wird nun nach und nach bei immer wiederholtem Einbruch neuer
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F1c. 4. — L. oben, Ophioglossum pendulum, Junger Sternarbuskel umgeben von
Amyloplasten, deren zusammengesetzte Stirke noch nicht abgebaut wurde, da-
neben geschwarzter aus einen Arbuskel enstandener Excretkdérper. Tannin Eisen-
praparat (1154 : 1). — L. unten, Daselbe; Sternarbuskel in der Verdauung mit an-
liegendem Zellkern. Himatoxylin-Eisenalaun-Safranin (1154 : 1). — R. oben, Psi-
lotum triquetrum Ausschnitt aus Fig. 6 R. oben: Arbuskeln bei stirkstmoglicher
Vergrosserung. Die zarten Einzelhyphen sind im Schnitt sichtbar. Tannin-Eisen
(1154 :1).— R. unten, Lycopodium complanatum, Pilzknauel aus dem Rindengewebe
des Prothalliums mit den auf die Hyphen aufgesetzten Roéhrentiipfeln (1154 : 1).
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Hyphen und wiederholter Coagulation neuer Sternarbuskeln mit den Excret-
kérpern angefillt. In Fig. 3 unten sind in jeder Verdauungszelle die haema-
toxylingeschwirzten Excretkorper nebenintakten Sternarbuskeln zu sehen.
Junge Excretkérper farben sich mit Glycogenjod und Jodjodkali dunkel gelb
und entfirben sich bei hoherer Temperatur. Beim Erkalten kehrt die Farbe
zuriick. In alten Wurzeln unterbleiben die Reactionen. Trotzdem scheint es
sich nicht allein um Glycogen zu handeln. Das in den Ophioglossumwurzeln
aller untersuchten Arten massenhaft vorhandene fette Oel gibt dieselben
Reactionen mit Jod. Es lisst sich durch Fiarbung mit Sudan III leicht
nachweisen. Eine dhnliche Substanz tritt auch in dicken Tropfen in Hyphen
der Pilzwirtzellen auf ). Mit Aether aus frischen Wurzeln von Ohp. vulga-
tum extrahiert, ist das Oel in Menge zu erhalten, von gelber Farbe, 16slich
zu gelber Losung in absolutem Aethylalkohol, unléslich in abs. Me-
thylalkohol aber rasch verseifbar mit KOH + NH;. Ein Erwerb dieses
Oels durch die Pilzverdauung scheint nicht ausgeschlossen. Die Frage be-
darf genauerer Untersuchung als sie jetzt im Winterzustand der Pflanzen
moglich ist. Alte Excretkorper farben sich mit gewéhnlicher Jodjodkalium-
16sung bldaulich, nach Auswaschen des iiberschiissigen Jods blau. Die Reak-
tion ist auf die geschrumpften Winde des Sternarbuskels zurtickzufithren,
die zum Unterschied von den gewdhnlichen Hyphen in ihren Chitinwin-
den Amyloid enthalten. Die stark lichtbrechende wahrscheinlich aus Plas-
ma bestehende Umbhiillung der Exkretkorper verschwindet bei Behandlung
mit Javellescher Lauge, es bleiben die reinen Pilzmembranen iibrig. Die
Excretkérper werden also nicht mit Cellulose umhiillt wie die Excret-
klumpen der tolypophagen Mycrorhiza.

Das vollsaprophytische Prothallium von Ophioglossum pendulum ist sehr
klein. Von LANG 2) und CAMPBELL 3) ist es genau beschrieben. CAMPBELL
hat auch die Sporenkeimung geschildert. Im Alter von 2 Monaten wird die
basale Zelle des vierzelligen Stadiums inficiert (Fig. 2f). | The branching
mycelium of the mycorhiza was closely applied to the surface of the cell,
and a haustorium was sent down through the cell wall into the basal cell.”
Das Bodenmycel entspricht hier dem Mycel der Pilzwirtzelle und zeigt Ap-
pressionswachstum; die Basalzelle wird gleich zur anlockenden Ver-
dauungszelle. , In the cell infected with the fungus, the contents show the
peculiar aggregated appearance characteristic of the infected cells of the
older Prothallium.” An der Verdauung des ersten Haustoriums ist nach
CamPBELL’'s Worten wohl nicht zu zweifeln.

Das erwachsene Prothallium ist verzweigt. Der Pilz ist intracellular in

1) BrRUCHMANN findet nicht nur die verpilzten Prothalliumzellen des Botrychium
Lunariasondern auch die ,,Ausstiilpungen’” der Pilzhyphen mit fettem Oel erfiillt.

2} Lang, W. H., On the prothalli of Ophioglossum pendulum and Helminthos-
tachys zeylanica. Ann. of Bot. 16: 2-56 (1902).

3) CampBELL, D. H., Studies on the Ophioglossaceae. Ann. Jard. Bot. Buiten-
zorg 21: 138-194 (1907) desgl. 1908 l.c. S. 164.



F1G. 5. — Oben, Ophioglossum pendulum, Langsschnitt durch das Prothallium.

Rechts oben: Pilzhyphe durch die kurze Rhizoidzelle eingedrungen, in den dusseren

Zellen Mycel, in den inneren Sternarbuskel in allen Stadien der Verdauung. Hae-

matoxylin-Eisenalaun-Eosin (524 : 1). — Unten, Zellen aus dem centralen Teil

der Prothalliums. Dickwandige grosskernige Hyphen durchbohren die Wande der

lebenden Zellen und erzeugen an Seitenzweigen Sternarbuskel, die der Verdauung
verfallen. Farbung und Vergrosserung wie vorher.
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den ganzen basalen Partien verbreitet ; jung inficierte Zellen befinden sich
hinter den wachsenden Meristemen der Prothalliumzweige. Neuinfectionen
finden von aussen durch die kurzen Haare statt (LANG 1902). Die cytologi-
schen Verhiltnisse der Mycorhiza sind nach der Schilderung der Autoren
nicht eindeutig. Ich bringe das folgende nach eigenen Beobachtungen:

Die Zellen des Gametophyten haben etwa den halben Durchmesser der
Wurzelrindenzellen des Sporophyten; das bedingt ein etwas geindertes
Verhalten des Pilzes. Die Infection erfolgt durch die Haarzelle, die Hyphe
verzweigt sich in der subepidermalen Schicht (Fig. 5 oben), deren Zellen zu
Pilzwirtzellenwerden. Inden tiefer liegenden Zellen beobachtet man alle Sta-
dien der Verdauung hier wesentlich kleiner ausfallender Sternarbuskeln, da-
neben typische Pilzwirtzellen. Weiter nach innen hort die sduberliche Diffe-
renzierung in Pilzwirt- und Verdauungszellen auf. Immer dickere derbwan-
dige grosskernige Hyphen wachsen nach allen Richtungen durch die Zellen
unter starker Zerstérung der Zellwinde (Fig. 5 unten) und bilden, anschei-
nend jeweilsin Nachbarzellen hinein, ihre Haustorien oder Sternarbuskeln,
diein der gleichen Art wie in den Zellen des Sporophyten verdaut und zu
etwas weniger regelmissig gestalteten Excretkoérpern werden. Die derbwan-
digen Hyphen unterliegen keiner Schddigung seitens der Pflanze. Auch die
vielfach ohne Scheidenbildung durchbohrten Zellen besitzen gesunde,
schwach hyperchromatische, nur wenig vergrosserte Zellkerne. Abweichend
von der Sporophytenmycorhiza ist also im wesentlichen nur der Verlust
der Differenzierung in Pilzwirt- und Verdauungszellen in den centralen
Teilen des Prothalliums. Die bei der Sporophytenmycorhiza fehlenden von
den Zellen nicht angegriffenen, derbwandigen Riesenhyphen {ibernehmen
hier augenscheinlich die Zuleitung des Materials im dichteren Gewebe des
Prothalliums. Was sie aus dem umgebenden Erdboden herbeischaffen ver-
fallt der Pflanze auf dem Weg der Thamniscophagie.

Nach langerem vegetativen Wachstum beginnt das Prothallium mit der
Anlage der Geschlechtsorgane. Sie und ihre Nachbarzellen werden vom
Pilzmycel nicht berithrt. Bei Helminthostachys besteht nach LanG (1902)
eine ausgesprochen vegetative Phase,auf die nach einer Streckung die
Anlage der ¢ und 2 Organe an getrennten Prothallien erfolgt. Die Verpil-
zungsart scheint von der der Ophioglossum-Prothallien nicht verschieden.
Fiir die von BRUCHMANN 1) untersuchten Prothallium von Oph. vulgatum
und Botrychium Lunaria ergeben sich aus den BRUCHMANNschen Beschrei-
bungen der Endophyten keine wesentliche Abweichungen.

Die gesamten Ophioglossaceen haben augenscheinlich den gleichen Ver-
pilzungstypus. Unterschiede bestehen in der Dicke der vegetativen Hyphen,
in der Art des Appressionswachstums in den Pilzwirtzellen, dasich in den

1) BRUCHMANN, H., Uber das Prothallium und die Keimpflanze von Ophioglos-
sum vulgatum L. Bot. Ztg. 62, 227-248 (1904) ders. Uber das Prothallium und die
Sporenpflanze von Botrychium lunavia. Flora 95, 203-230 (1906).
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Wurzeln von O. vulgatum viel ausgesprochener fand als bei O. pendulum
und moluccanum. Die Hyphen liegen hier vollig flachgedriickt der Wand der
Verdauungszellen an. Die Art der Ausbreitung des Mycelsin der Wurzelrinde
wechselt nach GREVILLIUSY), der die meisten Arten untersuchte, bedeutend.
Bis zu 7 Schichten kénnen inficiert sein (Botrychium lanceolatum). Bei an-
deren Arten nimmt die Dicke der Pilzschicht auf 5-4-3-2 Schichten ab.
Bei B. australe finden sich nur unzusammenhingende Pilznester.

§ 3. Die tolypothamniscophage 2) Mycorhiza der Psilotales. —
Bei Pstlotum wurde die Verpilzung von SoLMs-LAUBACH ?) entdeckt, auch
die Infection der Brutknospen durch den Pilz beobachtet und abgebildet.
Kurz damit beschiftigt haben sich noch JANSE 4) und BERNATZKY ). Der
letztere glaubte sich mit der Isolierung der Endophyten in freier Kultur
erfolgreich, hat aber sicher einen falschen Pilz in Kultur gehabt.

SHIBATA ©) hat dann eine eingehende Untersuchung vorgenommen, von
deren Ergebnissen meine eigenen Befunde in einzelnen Punkten abweichen.

Der Bau der Pflanze ist von Sorms-LAUBAcH (1884) geschildert worden.
Sie besitzt ein stark verzweigtes unterirdisches Rhizom, dessen mit zweizel-
ligen Rhizoiden besetzte Aste sich verzweigend abwirts wachsen, wihrend
andere aus der oberen Zone an das Licht tretend zu aufrechten Assimila-
tionssprossen werden. Die unterirdischen Rhizomteile sind in einiger Ent-
fernung vom Meristem verpilzt, die dilnnen Abzweigungen stirker als die
Hauptachsen. Der Pilz dringt mit querwandlosen Hyphen durch die Haare
in die Rhizomrinde ein und inficiert einen Teil der Zellen in 6-7 Schichten
der Aussenrinde. In den inficierten Zellen verschwindet die Stirke aus den
Amyloplasten. Zuerst erscheinen in der Zelle wenige Windungen allméih-
lig perlschnurartig anschwellender, dicker Hyphen, von denen diinnere
und verzweigte Aste abgehen, die das Innere der Zelle nach und nach anfiil-
len (Fig. 6 links oben). Andere Zellen werden von Anfang an durch diinnere
Hyphen besiedelt. SHIBATA sah diesen Unterschied und spricht von |, Pilz-
wirtzellen” und , Verdauungszellen”. Da, wie auch er beobachtet, der Pilz
in allen Zellen schliesslich verdaut wird, glaube ich die Unterscheidung
nicht gerechtfertigt. Vor allem in den diinnhyphigen Zellen bildet der Pilz
hdufig grosse blasige plasma- und reservestoffreiche Vesikel. Der Pilz-

)Y GREVILLIUS, l.c. S. 167.

%) toAdmy Kniuel, Sapvicxog = arbusculus.

3) SoLms-LauBacH, H., Der Aufbau des Stockes von Psilotum triquetrum und
dessen Entwicklung aus der Brutknospe. Ann. Jard. Bot. Buitenzorg 4, 139-194
(1884).

4) Jansg, lc. S. 161.

‘) BERNATZKY, J., Beitrige zur Kenntnis der endotrophen Mycorhizen. Ter-
mészetrajzi Fiizetek 22, 88-110 (1899).

%) SmiBata, K., Cytologische Studien iiber die endotrophen Mycorhizen.
Jahrb. £. wiss. Bot. 37, 641-684 (1902).



F1G. 6. — L. oben, Psilotum triqguetrum. Rhizomrindenzelle mit groben, perlschnur-

formig angeschwollenen Hyphen, die diinne verzweigte Aste in d. Innere der Zelle

senden. Tannin-Eisenfarbung (393 : 1). — R. oben, Psilotum triguetrum. Arbuskel-

bildung an den Hyphen. Tannin-Eisen (393 : 1). — L. unten, Psilotum triquetrum.

Hyphen und eins der Vesikel im Beginn der Verdauung. Sehr stark farbbar. Tannin-

Eisen (393 : 1). — R. unten, Psilotum triguetrum. Excretkérper oder ,,Klumpen”
an Hyphenresten hingend, daneben der Zellkern. Tannin-Eisen.
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kniuel in der Zelle kann nun verhiltnissmissig locker bleiben oder auch
sehr dicht werden, in jedem Fall treten am Ende seitliche Hypheniste auf,
welche zu kurzen Arbuskeln werden. (Fig. 6 rechts oben und 4 rechts oben).

Sie sind SHIBATA entgangen?) und auch recht schwer und nur mit der
starksten Optik gut zu beobachten. An ihnen beginnt die jetzt einsetzende
Verdauung, die zuerst die Arbuskeln, dann die Hyphen und zuletzt die
Vesikel einschmilzt. (Fig. 6 links unten). Es bleibt ein fester, an den Resten
ehemals zuleitender Hyphen aufgehingter, gelblich gefirbter, stark licht-
brechender Excretkoérper iibrig. (Fig. 6 rechts unten).

Mit der Verdauung einher geht eine charakteristische Verdnderung des
Zustandes der Zellkerne. (vgl. Fig. 1 e-k). Schon in den pilzerfiillten Zellen
haben sie sich bedeutend vergrossert. Vor der Verdauung werden sie
amoeboid. Das Chromatin vermehrt seine Masse und wird zu scholligen,
durch feine Fiden verbundenen Gebilden. Auch die Nucleolen vergrdssern
sich und treten an die Peripherie des Kerns. Nach beendigter Verdauung
nimmt der Kern wieder normale Form und Grésse an. Die Verdnderungen
sind wohl der Ausdruck besonderer Activitit gewisser Kernfunctionen, die
mit der Verdauung des Pilzmaterials in Verbindung stehen, sie kommen in
noch drastischerer Weise bei der tolypophagen Mycorhiza der Orchideen
vor.

Wiederholte Verdauung wie sie bei Orchideen die Regel ist, beobachtet
man in einzelnen Zellen auch bei Psilotum. Die Zelle wird dann nach der
ersten Phagocytose neu vom Pilz besiedelt und eine zweite Verdauung legt
einen neuen Mantel von Pilzmaterial um den schon vorhandenen Excret-
kérper 2).

Die Hyphen im Psilotumrhizom sind reich an fettem Oel, das der Pflanze
bei der Phagocytose anheimfillt. Glycogen konnte ich indessen nicht nach-
weisen. Die Pilzmembran besteht aus Chitin (SHIBATA), trotzdem enthalten

1) Diese Behauptung kann ich nicht aufrecht erhalten.

An Psilotum-Pflanzen, die auf einem Topf von Hura crepitans aufgegangen wa-
ren, fand ich eine sehr regelmissige Verpilzung der Rhizoms. Der Pilz ist in allen
Merkmalen bis auf die Arbuskelbildung identisch, er hat die gleichen perlschnur-
féormigen peripheren Hyphen mit ihren diinnen Abzweigungen und die gleichen
Vesikel. Er wird in ebensolcher Weise verdaut. Nur die Arbuskelbildung fehlt.
Zwischen beiden Pilzen muss mindestens der Gattungscharakter gewahrt sein. Den
Namen der tolypothamniscophagen Mycorhiza méchte ich trotz dieser Beobacht-
ung fir Psilotum beibehalten.

?) Bilder wie SHiBATA’S Fig. 33 und 34 sind nicht anders zu deuten. Sie haben
SHIBATA den Anlass gegeben, einen unmittelbaren localen Einfluss des Kerns auf die
Verdauung und Klumpenbildung anzunehmen der m.A. nach nicht besteht.
(SuiBATA ist hier durch eine entsprechende Beobachtung von MAGNUS an Neottia
beeinflusst worden, vgl. BURGEFF 1936, S. 14) 3).

%) BURGEFF, H., Samenkeimung- der Orchideen und Entwicklung ihrer Keim-
pflanzen mit einem Anhang iiber praktische Orchideenanzucht. Jena (1936).
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die verdauten Klumpen Amyloid und farben sich mit Jodjodkali griinlich,
nach Behandlung mit Javellescher Lauge blau. SHIBATA konnte mit Schwei-
zers Reagens das Amyloid herauslésen und sieht in ihm eine von der Pflan-
ze ausgeschiedene Kittsubstanz. Ich halte es auch fiir méglich, dassein bei
der Verdauung verdnderter Bestandteil der Pilzmembran vorliegt. Die mi-
crochemische Seite der Psilotum-Mycorhiza erinnert damit stark an die der
Ophioglossaceen, der sie auch durch die neu aufgefundenen Arbuskeln nach
der morphologischen Seite dhnelt.

Die Prothallien von Psilotum und Tmesipteris sind von Lawson 1), das
von T'mesipteris auch von HoLLowAY 2) aufgefunden und beschrieben wor-
den. Habituell erinnern sie stark an die von Ophioglossum pendulum. Als
Holosaprophyten sind sie viel regelméssiger inficiert als die hemisapro-
phytischen Sporophyten. Die Form der Mycorhiza scheint in keinem Punkt
von der fiir das Psilotumrhizom geschilderten abzuweichen. Die Infection
geht auch hier durch die Haare. Alte Zellen der Prothallien sollen abster-
ben. LawsoN macht den Pilz verantwortlich fiir die unbekannte Sporen-
keimung.

Ich habe seit 1909 zahllose Versuche der Isolierung des Psilotum-Pilzes
unternommen; in den letzten Jahren unter Verwendung der neuen Wuchs-
stoff- und Vitamintechnik. Seit 1935 gelingt es mir regelmissig den Pilz
aus sterilen Rhizomausschnitten mit einzelnen Hyphen herauswachsen zu
lassen. Sein Wachstum ist ganz ausserordentlich langsam. Schliesslich stel-
len die Hyphen das Wachstum ein. Einer Ubertragung auf neuen Néhrbo-
den nach Trennung von dem zugehorigen Gewebestiick des Psilotum-
Rhizomes folgte stets der Tod der Hyphe. An der Identitit der auswach-
senden querwandlosen perlschurférmig angeschwollenen Hyphen mit dem
Psilotum-Endophyten besteht kein Zweifel. Sehr dhnliche, wenn nicht
identische Hyphen erhielt ich aus Marattia alata-Wurzeln. Es ist immer-
hin zu hoffen, dass die Kultur schliesslich gelingt und neue Wege zur Ana-
lyse und Synthese der Farnmycorhiza eréffnet.

Die Mycorhiza der Lycopodienprothallien bleibt
noch zu besprechen. Man hat ihr seit TREUB’s und BRUCHMANN’s klass-
ischen Untersuchungen stets das allergrésste Interesse entgegengebracht,
zumal der Stoffaustausch bei diesen abweichenden Formen der Verpilzung
in voélliges Dunkel gehiillt war. Verdauungsvorgiange waren nicht beobach-
tet. TREUB rechnete trotzdem mit der Mdglichkeit der Ubertragung von
Glycogen und Oel aus dem Pilzmyecel in die Pflanze, die deren saprophyti-
schen Wuchs gewihrleisten konnten. BRUCHMANN lehnte diese Hypothese

1) Lawson, A. A., The prothallus of Twmesipteris tannensis. Trans Roy. Soc.
Edinburgh 51, 775-794 (1916); The Gametophyte Generation in the Psilotaceae
l.c. 52, 93-113 (1921).

?) Horrowavy, J. E., The prothallus and young plant of Tmesipteris. Trans. New
Zealand Inst. 50, 1 (1901).

Manual of Pterido'ogy 12
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ab, sprach der Pflanze die gesamte (nur bei L. Selago von Pilz unterstiitzte)
Aufnahmefihigkeit fiir organische Bodenstoffe zu und sah die Pilzfunction
lediglich in einer das Material umformenden. Die von dem Prothallium auf-
genommenen  Humus”-Stoffe sollten gewissermassen durch die tiefen pe-
ripheren Pilzschichten filtriert und verdndert und in eine fiir die Pflanze
assimilierbare Form gebracht werden.

Schon 1909 hatte ich mit Prothallien, die ich der Freundlichkeit Herrn
BRUCHMANN’s verdankte, Pilzisolierungsversuche angestellt, die erfolglos
blieben. Ich habe sie nicht wiederholt, da es mir an Material fehlte. BRUCH-
MANN’s Kunst des Findens dieser verborgenen Schitze ist mit ihm ins Grab
gesunken. Erst in Java auf dem Gipfel des Pangrango (3000 m) gelang mir
ein Fund von zwei Prothallien des Lycopodium clavatum—divaricatum
mit jungen Embryonen. Diese und eine Reihe mir von Herrn Collegen P.
CLAUSSEN (Marburg) liebenswiirdiger Weise zur Verfiigung gestellten Mi-
crotomschnitte von Lyc. clavatum, complanatum und eine Schnittserie
von L. Selago erméglichten mir eine eigene Untersuchung, an die ich mit
grosster Spannung heranging. Was sie ergab, und wieweit es mir gelang das
Austauschproblem zu kldren, dariiber mégen die beiden folgenden Kapitel
berichten:

§ 4. Die ptyophage Mycorhiza der Lycopodien des Phlegmaria-
Typus. — Wie schon frither gesagt erfolgt der Materialaustausch zwischen
Pilz und Pflanze bei der ptyophagen Mycorhiza unter der Erscheinung der
Plasmoptyse. Einige der von JANSE beschriebenen Mycorhizatypen gehd-
ren hierher. Kriftige junge Hyphen dringen in besondere Verdauungszel-
len ein. Die Hyphenspitze platzt und die entstehenden Plasmaergiisse wer-
den von der Pflanze verdaut, wobei Reste als Excretkorper zuriickblei-
ben !). JANSE nennt die Ptyosomen gleich den aus eingeschmolzenen Ar-
buskeln der tamniscophagen Mycorhiza entstandenen Excretkérpern
,,Sporangiolen”. PETRI 2) findet die richtige Erklarung; er bezeichnet die
durch Hyphenbruch in Freiheit gesetzten resp. in die Zelle ergossenen
Plasmamassen als , prosporoidi”.

Ich selbst 3) habe an tropischen Orchideensaprophyten der Gastro-
diinae hochcomplicierte Formen solcher Sporangiolen untersucht und
dann diesen nicht auf die phycomycoide Mycorhiza beschriankten Ty-
pus als Ptyophage Mycorhiza (ntdewv speien, ayelv essen), die | Spor-

1) Excretkérperlose Ubernahme des Pilzinhalts ist nur durch FRANKE), bei
Mownotropa hypopitys aufgefunden worden.

?) PeTRI, L., Ricerche sul significata morfologico e fisiologico dei prosporoidi
(sporangioli di Janse) nelle micorize endotrofiche. Nuov. Giorn. Bot. Ital. n. ser.
10, 541 (1903).

3) BurGEFF, H., l.c. S. 166.

%) Frankg, H. L., Beitriage zur Kenntnis der Mycorhiza von Monotropa
hypopitys L. Flora N.F. 29, 1-52 (1934).
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angiolen” oder | prosporoidi” zur Vermeidung der wenig gliicklichen an
Fortpflanzungsorgane erinnernden Namen als P#yosomen bezeichnet.
Bei den isosporen Lycopodiaceen sind mit zwei Ausnahmen (L. snundatum
und L. cernuum) nur die Gametophyten 1) inficiert. Halb-und ganzsapro-
phytische Typen kommen vor. Unter den letzteren fallen als besonderer
Typus die sehr zarten gestreckten cylindrischen Prothallien des Lycopod-
tum Phlegmaria, Billardieri-gracile und L. Selago aus dem Rahmen. Trotz
vorziiglicher Beschreibung des Baus und der Mycorhiza dieses Typus durch
die bedeutenden Autoren TREUB %), BRUCHMANN %) 4) und HoLLowaAy %)
hatte ich die grundlegende Entscheidung der Stoff-Ubertragungsfrage
nicht ohne eigene Untersuchung an Lyc. Selago entscheiden kénnen. Ich
stelle diese am besten untersuchte Art in den Vordergrund.
Die Sporenkeimung ist von BRUCHMANN (1910)
beobachtet. Die Spore keimt selbstidndig und er-
zeugt ein S-zelliges Stadium, das in diesem Zu-
stand etwa | Jahr lang auf die Infection durch
den Pilz warten kann. Inficiert wird die mit
einer rudimentidren Rhizoidzelle versehene Ba-
salzelle (Fig. 2b) worauf sich das Prothallium
rasch vergrossert. (2d) Bereits in den Nachbar-
zellen der Basalzelle entstehen die | Sporangio-
len”. In den Kniuel- oder Pilzwirtzellen ver-
schwinden die Inhaltsstoffe, dafiir treten in den
Sporangiolen- oder Pilzverdauungszellen Stirke Fig. 7 — Lycopodium Sela-
und Fetttropfen auf. Der Pilz wichst hinter go, Pilzwirt- und Verdau-
dem Meristem her, ohne dies zu beriihren und ungszelle. In letztere ist eine
o s e .. . Hyphe eingedrungen und
inficiert den basalen ritbenférmigen Teil despatdrei Ptyosomen erzeugt.
Prothalliums. Neben ihnen der Zellkern.
Wie ich feststellen konnte, sind die | Sporangiolen” echte Ptyosomen, die
sich aber wegen der sehr geringen Grosse schwer erkennen lassen. An einer
in die Zelle eingedrungen Hyphe platzt die Spitze und erzeugt einen Plas-

1) Nur bei L. salakense sollen sie pilzfrei sein.

?) TREUB, M., Etudes sur les Lycopodiacées. Ann. Jard. Bot. Buitenzorg5,
87-133 (1886).

3) BrucHMANN, H,, Uber die Prothallien und die Keimpflanzen mehrerer euro-
paischen Lycopodien. Gotha (1898).

%) ders., Die Keimung der Sporen und die Entwicklung der Prothallien von
Lycopodium clavatum L., L. annotinum L. und L. Selago L. Flora N.F. 1, 220-267
(1910).

%) Horroway, J. E., A comparative study of the anatomy of six New Zealand
species of Lycopodium. Trans. New Zeal. Inst. 42, 356 (1909); Studies in the New
Zealand species of the genus Lycopodium part IV. The structure of the prothallus
in five species, l.c. 52, 193 (1920).

§) BURGEFF (1932), l.c. S. 166.
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maerguss (Fig. 7) der grossere Vacuolen aufweist, die im Leben mit
Fett, Glycogen oder Zellsaft angefiillt sein diirften. Basalwirts wachsen
an der Hyphe Seitenhyphen aus, die dasselbe Schicksal erleiden. So erklart
sich die scheinbar traubenférmige Anordnung dieser Gebilde. An Microtom-
schnitten, die ichaus einem BRucHMANNschen Originalpraeparat, das in
Formalin eingelegt war, herstellte, gaben die Ptyosomen noch eine unge-
mein starke Farbung mit Glycogenjod, die beim Erwirmen schwand und
beim Erkalten zuriickkehrte. Das ist verwunderlich, da Formaldehyd
Glycogen nicht fallt. Die Erklirung gab die Behandlung einer Schnitt-
serie mit Javellescher Lauge. Der Inhalt der Ptyosomen war darnach
restlos verschwunden, es blieb eine sich mit Chlorzinkjod blduende Cellulose-
wand zuriick, an der hie und da noch ein Stiick der Traghyphe ebenfalls
gebldut daransass. Die Plasmaergiisse werden also wie bei der ptyophagen
Mycorhiza der