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ABSTRACT

A survey of available data in the literature shows that
initiation of sporangia in ferns is not strictly localized,
but is possible in many areas of the fern organism, such as
the gametophytes, the first leaves and several areas of the
leaf of the adult plant, which do not have to be contiguous.

In the usual sites of initiation, sporangia show cor-
relations with the leaf veins and they may be replaced by a
variety of alternative differentiations, such as cell pro-
liferations, vegetative buds and aposporous prothalli.

Initiation and differentiation of sporangia may be
arrested in several stages, both in natural conditions and
experimentally. Some of the experimental procedures that
produce this effect use changes in environmental factors.

Experimental results recorded in the literature indi-
cate a day-neutral behavior in several species and a quali-
tative short-day behavior in one species (Salvinia natans).

The results of experiments reported inythis thesis show
that Asplenium bulbiferum is a quantitative long-day plant
with a critical night of 23 hours at 20°C. In this species
adventitious buds are capable of producing sporangia on
their leaves, while attached to the adult leaf,'but this
capacity is lost upon isolation of the buds.

In Osmunda claytoniana determination of the sporophylls
was found to be caused by processes that are independent of

those that determine the cataphylls and to be enhanced by



long days and high temperatures.,

Salvinia rotundifolia was found to behave as a short-day
plant at temperatures above 20°C and as a long-day plant at
17°C. 1Initiation of sporangia in this species responds also
to dally thermoperiodicity.

Regnellidium diphyllum was found to develop sporocarps
as a response to seasonal and to daily thermoperiodicity.
This response is quantitatively modified by photoperiodism.

These results are discussed in relation to the avail-
able data on the differentiation of vascular tissues, on

heteroblastic leaf development, photoperiodism and thermo-

periodicity.
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PART I
INTRODUCTION

The general interest of the study of the physiology of
the initiation of sporangia in ferns lies in the connections
between this problem and two general questions of morpho-

genesis of vascular plants, namely the physiology of develop-

ment of reproductive structures and the physiological deter-

mination of the aiternation of generations. Therefore it

is necessary to outline here some of the general features
of these fields in order to place the studies on initiation

of sporangia in ferns in their proper perspective.

1. Initiation of sporangia and the physiology of develop-

ment of reproductive structures in vascular plants.

Studies of reproductive structures in vascular plants
were developed first by observations and experiments through‘
which the function of reproduction was identified, located
and described in Angiosperms (Camerarius, 1694; K8lreuter,
1761; Amici, 1824-1847) and extended to Gymnosperms,
Pteridophytes and Bryophytes (Hofmeister, 1849) (125).

This period was followed by one in which interest
shifted from function to structure and led to the accumula-
tion of data on the anatomy and cytology of reproductive
organs. As this descriptive information was gradually clas-
sified, a few general principles emerged, establishing a
correspondence between the life-cycles of the different groups

of vascular plants.
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The third step, which we are now witnessing; is charac-
terized by interest on the physiology of development. Al-
though this trend was clearly present in the work of Sachs,
Gassner, Bonnier and other precursors (1lLl), systematic re-
search in this field started in 1920, with the publication
of the experimental results of Garner and Allard (80).

Research in_each of these periods required the introduc-
tion of new types of technique: /microscopy, for identi-
fication of function; microtechnique, for anatomical and
cytological analysis and culture of plants under controlled
conditions, for studies on developmental physiology.

The utilization of these methods has systematically disclosed

the existence of homologies between the reproductive struc-

tures of wvascular plants.

Morphological analysis has clearly established such a
corréspondence between mature structures, such as the pollen
sacs and ovules of Angiosperms, the pollen sacs and ovules
of Gymnosperms, the micro- and macrosporangia of hetero-
sporous Pteridophytes and the sporangia of homosporous
Pteridophytes.

The correspondence holds also for their ontogenetic se-
quences. As this correspondence was expanded, 1t became
increasingly improbable that such reproductive structures
could be constructed, in different plant groups, by entirely
different mechanisms.

In Angiosperms, the study of climatic requirements for

flower initiation has shown a recurrence of the same patterns



-3~

of reaction towards environmehtalystimuii in different plant
groups. Moreover, direct, although limited, evidence for
physiological homology of flower initiation is given by
grafting experiments, in which it has been possiblé to
transmit flower induction from induced donors to non-induced
acceptofs belonging to different genera of the same family
and having different environmental requirements (117).
Long-day and short-day requireménts were even found together
in the flowering behavior of the same plant (154, 155, 158).
All these facts justify the postulate that, in spite of

the differences of physiological organization in different

specles, there is a common basic mechanism involved in the

physiology of initiation of reproductive structures in

vascular plants.

As the link between the initiation of sporangia in
Angiosperms and in Pteridophytes is represented only by
morphological data, it is of interest to investigate if
there is any similarity in the types of environmental re-
quirements for the initiation of these homologous organs.
From this point of view, the study of initiation of sporangia
in ferns represents an extension of the studies on flower

initiation

2. Initiation of sporangia and the determination of the

alternation of generations in ferns.

Following Strasburger's studies in last century 1t was
believed that the alternation of sporophytic aud gametophytic

generations was coincident with the alternation of a diplo-
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phase and a haplophase. However, later ‘on, it was realized
thatvit is not necessarily so, for, in the same species,
there may be sporophytes that are haploid (65, 195) and
gametophytes that are diploid (13, 14, 127). Regeneration
studies have shown that primary leaves (of diploid sporo-
phytes) regenerate diploid gametophytes very easily in many
species of ferns (64, 119), as well as adult leaves (64).
Gametophytes can regenerate gametophytes (2), or produce

sporophytes as apogamous buds (171). These facts show that

each generation is potentially able to produce the other with-

out going through the chromosome cycle in which haplophase

and diplophase alternate. This is also true on the Bryophyte

level (128) and becomes particularly striking in some Rhodo-
phyta, the Ceramiaceae, where in 70 species a single genera-
tion, the carposporophyte, is both a gametophyte and a
sporophyte (63). Although this complete superposition of
gametophyte and sporophyte is not critically established
in any fern, there are known cases in which a single plant
part shows contiguous gametophytic and sporophytic tissues
(42, 119, 194), the most remarkable being the "peculiar"
mutant of Phyllitis scolopendrium, inAWhich the homozygous
recessive plant shows sporophytic tissue in the leaf veins
and gametophytic tissues in the mid-vein areas (14).

The differentiation of tracheids was so firmly be-
lieved to be a sporophytic property in Pteridophytes that
the occurrence of isolated patches of tracheids in prothalli

was considered a dependable indication of apogamy (170). It
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was found, however, that tracheids occur normally and regu-
larly, in discoﬁtinuous strands, in the gametophytes of
Psilotum (97) and of Tmesipteris (96), without any indica-
tion of apogamy. Callus tissue cultures obtained by growth
of spores of Osmunda cinnamomea on a mineral medium supple-
mented by vitamins differentiate tracheids and were verified
to have the haploid set of the species and no apogamic
development (139). Likewise, although stomata are considered
to be a typical differentiation of the sporophyte, they have
also been found in aposporous gametophytes (194). It seems,
therefore, that the most dependable organs for definition

of sporophytes and gametophytes, both structurally and func-
tionally, are the sporangia and the gametangia. Consequently,
a better understanding of the physiological mechanism that
determines the alternation of generations requires the study
of the causes that determine the initiation and development

of gametangia and of sporangia.

3. Plan of the work.

The variety of features of sporangia is so richly dis-
played among ferns that sporangial characters are extensively
ﬁsed by taxonomists of this group for the definition of
families and of many genera. Therefore, if we are to avoid
studying particular cases, attention will have to be con-
centrated on the basic features of this organ. For this
purpose we may use Bower's definition: "Wherever there is
found an isolated spore-mother cell, or a connected group

of them, or their products, this, together with the tissues
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that protect it, constitutes the essential feature of an
individual sporangium" (39).

| Studies on the ontogenesis of the sporangium in many
plants demonstrate that this organ arises from the differen-
tiation of a mass meristem., It is, therefore, natural to
begin the study of this organ by trying to understand where
and when does this meristem arise in the life-cycle of the
plant.

Next we may ask ourselves if this meristem has only a
definite pathway of differentiation (leading to the mature
sporangium) or if there are other possible paths of dif-
ferentiation.

It becomes also of interest to investigate whether the
occurrence of such meristems and their subsequent develop-
ment involves a correlation with other organs of the plant
and whether initiation of sporangia is affected, at least
in some species, by such environmental factors as photoperiod
and temperature, which are known to affect flower initiation
in many angiosperms.

The answers to these questions represent preliminary
information, which is indispensable for the quantitative
study of the physiological processes involved in the initia-
tion of the sporangia. We hope that the answefs presented
in this work will indicate that the study of the initiation
of spbrangia,in ferns can provide: a) information for

building a broader picture of the morphogenesis of reproduc-
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tive structures in vascular plants; b) 5ioiogical objects
which are favorable for the investigation of some aspects
of the basic mechanisms involved in the morphogenesis of

these reproductive structures.
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PART IT

INCIDENCE OF THE INITIATION OF SPORANGIA
IN THE LIFE-CYCLE OF FERNS

In‘ferns the initiation of sporangia usually takes
place in the leaves of the mature plant. There are,
however, the deviations from this normal incidence and it
is useful to consider such deviations for the purpose of

clarifying the topographical requirements of the process.

1. Occurrence of sporangila in gametophytes.

There have been several reports of this occurrence.
In Scolopendrium vulgare var. ramulosissimum and in
Nephrodium dilatatum var. cristatum gracile, sporangila
were found that were initiated (and sometimes developed
up to viable spores) directly on the walls of archegonia,
and in association with organs considered of sporophytic
description, such as tracheids, ramenta, vegetative buds,
"eylindrical processes," which may or may not bear roots
(Lang, 114). |

Similarly Pace (144) found sporangia, with differenti-
ation df stalk, epidermis, tapetum and a central cell mass
(which, in one observed case, differentiated spores), in
gametophytes of Dryopteris spinulosa var. lntermedia.

In 1929 Lang described another case (116) in
Scolopendriﬁm, in which sporangia were initiated from

epidermal cells of old gametophytes that were prevented
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from undergoing fertilization by avoiding the presence of
water collections at the surface of the soil.(

Subsequently Lawton (119) observed sporangia in
gametophytes of Aspidium marginale, obtained from regener-
ation of excised primary leaves. These sporangla were
foundkto,reaCh an advanced stage of differentiation, with
capsule, epidermis, tapetum and a core of 16 cells.

In the case reported by Lawton the gametophytes were
found to be diploid; the other cases were not cariologically
studied, but in the first case reported by Lang the presence
of binucleated cells below the sporangia is remarked upon
(and documented in one picture). Occurrence of isolated
diploid cells in haploid gametophytes of ferns has been
feported by Farmer and Digby (68) as resulting from nuclear
fusions of neighboring cells, but this observation has never
been critically established and was subsequently attributed
to an error (62, 127), although the existence of binucleate
cells hgs been confirmed as occurring sporadically in fern
gametophytes (62). In the absence of cytological evidence
we cannot decide whether these pfothallial sporangia are
all produced by diploid gametophyte cells or whether they
are produced as early differentiations of an apogamous
embryo (which could be haploid or diploid). Whatever the

case will be found to be, occurrence of sporangia in gameto-

phytes clearly shows that the initiation and differentiation

of sporangia may precede the differentiation of other

sporophytic organs, such as the stem and the leaves.
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This shortening of the sporophytic-generation, which
is exceptional in living Pteridophytes, is the natural
sequence of events in some lower vascular plénés, such as
the living liverworts Cyathodium (49, 115), Geothallus and
Riellia (L45), in which the sporophyte is practically
reduced to a sporangium only, and some devonian Psilo-

phytales, such as Rhynia (L45).

2. Occurrence of sporangla in primary leaves.

This is rarely the normal occurrence (38, L1, 151), and
has also been observed abnormally (90).

Both the initiation of sporangia in gametophytes and
in primary leaves, if it can be reproduced experimentally,
will open the possibility of a test for treatments considered

inductive of the initiation of sporangia.

3. Occurrence of sporangia in adult leaves.

a) Individuality of sporangia.

Sporangia may occur, in adult leaves, as single units
("monangial condition"), or in groups (sori). Further
degrees of association are the sporocarps of the Marsiliaceae
and the synangia (in which their individuality holds only
for the tapetum and the sporogenous tissue). In another
type of organization ("acrostidhoid condition") the sporangia
are found over the whole abaxial leaf area.

b) Time patterns of initiation and development.

Comparative studies led Bower (39) to classify ferns in

3 groups (Simple, Gradate and Mixed types) according to the
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chronological patterns of initiation: simultaneous

initiation of all sporangia of a sorus: simple type;

initiation in a basipétal gradient along an elongated or

laterally compressed receptacle: gradate type; intermittent

initiation on a flat or conical receptacle: mixed type.

¢c) Number of initials.

Young sporangia are mass meristems, which upon onto-
genetic study, were found to originate either from several

initials (Eusporangiate ferns), or from a single initial

(Leptosporangiate ferns), an intermediate situation being
found in Osmundaceae (where the number of cell initials may
vary even among sporangia of the same plant (39, Lk, 86).
These patterns of initiation do not represeﬁt an isolated
feature of sporangia, but they were found to be general
norms of organogenesis of meristems in these groups of
plants (39, L1, 184).

d) Normal spatial patterns of initiation.

Usually sporangia are initiated in some leaves (sporo-
phylls), being absent from others (trophophylls). These
two types of leaf may differ only in this respect, or they
may show other morphological (8L4) and physiological (196,
197) differences (heterophylly, dimorphism). Dimorphism of
leaves: a) is not general in ferns; b) ranges froﬁ very
small differences to extreme diversifications (8L); c¢) is
found in at least 55 genera scattered among most of the
families (60); d) does not show any correlation with the
habitat (60), although it has been considered as an adaptive
feature (L3, 57).
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For developmental physiology dimorphism serves as a
morphological marker that allows the detection of incipient
or residual differentiation of a leaf or leaf part towards
the sporophyll pattern, as well as to circumscribe the
hormal place of initiation of sporangia, and thus, permit
the detection of abnormal localisations of their initiation.

If we refer the place of initiation of sporangia to
the leaf margin it will be seen that in some genera they

are marginal; in others, superficial. Comparative and

developmental studies (39) allowed Bower to establish the
fact that the original position is always marginal; the
shift to a superficial position is caused by further
marginal growth of the leaf. Thus it can be seen that the
marginal position will be retained when there is little
expansion of the leaf blade or when the expansion precedes
the initiation of sporangia. As the position of sori
relatively to the margin is remarkably constant, this
indicates that initiation of sporangia and leaf expansion
are two events of relatively constant timing.

The most striking correlation displayed by sporangia
in the leaf 1is with the veins.

e) Correlations between initiation of sporangia and the

vascular system of the leaf.

This correlation is substantiated by comparative and
topographic anatomy, by the consideration of mutants of
Phyllitis scolopendrium and by results of some experiments

with Asplenium bulbiferum.
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BEvidence from comparative and topographic anatomy of the

sporophylls.

1) Isolated sporangia have individual vascular supplies:
this has been established for Botrychium (Bruchmann, in
(40)), for Helminthostachys (40), for Mohria (61); in the
case of~some fossil Coenopterids the vascular supply goes
through the sporangial pedicels and stops just below the
capsule, aslin Stauropteris oldhamia (Scott, in (L4O)).

2) When sporangia are aggregated in sori each sorus
develops close tb a vein end. For details see (40O, L1),
~where there may be found clear evidences in practically
every pilcture and in every description.

3) In the sporocarps, sori have individual veinlets.
This was found to be the case for Pilularia (Luersen, in
(LO)), for Marsilea (103) and for Regnellidium (5L, 10L).

i} In synangia: Ophioglossum shows a vascular branchlet
in each septum separating fused sporangia (LO) and in the
synangia of Marattiaceae there is a vascular supply for
every synangium, which develops as a radiate-uniseriate
sorus (L4O). )

5) In acrostichoid sporophylls spreading of the
sporangia over the whole leaf area coincides with very close
open veins (Elaphoglossum), with open veins in very narrow
pinnae (Polybotrya, Stenosemia), with reticulate venation
(Anetium, Chrysodium, Acrostichum, most of the species of
Leptochilus); with reticulate diplodesmic venation (Cheiro-

pleuria, Platycerium, Christopteris tricuspis, Leptochilus
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tricuspié and L, varians, Hymenolepis Spicata), with velin
plexuses and diplodesmic tracheidal plates (Pleopeltis,
Neocheiropteris). (4l). |

6) In genera of close affinity differences in the
drganization of the veins coincide with parallel differences
"in the organization of the sorus:

In the Davallioids, absence of vein fusion coincides
with absence of soral fusion (Davallia, Humata); occasional
vein fusion by commissural veins coincides with occasional
soral fusions, forming coenosori (Nephrolepis, Diellia);
frequent vein fusions coincide with frequent soral
fusions (Tapeinidium, Lindsaya, Odontosoria); constant vein
fusions coincide with constant coenosorial condition
(Dictyoxiphium). (L1).

In the Blechnoids the presence of commissural veins
parallel to the midrib coincides with the presence of
coenosori below the commissures (Blechnum) and the coeno-
sorus stops where the commissural vein stops. In Blechnum
occidentale only the fertile pilnnae have commissural veins
(to which the coenosorus is adjacent), whereas the sterile
pinnae are devoid of these commissures. Arching of the
commissural veins coincides with arching of the coenosorus
(Blechnum punctulatum var. Krebsii). Occasional opening of
the commissures coincides with occasional disruption of the
coenosori (Blechnum cartilagineum, B. punctulatum var.
Krebsii); absence of commissures coincides with the absence

of the coenosorus (Woodwardia, Doodia, Phyllitis,
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Camptosorus).

Evidence from the consideration of mutants of Phyllitis

scolopendriumn.

In these mutants there are changes in leaf structure
ﬁhich result in several modifications of phe distribution
of sporangia in the leaf, such as: separation of twin sori,
initiation of sporangia in the leaf margin, pairing of
non-twin sori and initiation of sporangia in the upper
surface of the leaf, In.all these cases the position of
the sorus in the leaf is profoundly altered, but the position

relatively to the veins is maintained. (10, 11).

Evidence from observations and experiments with Asplenium

bulbiferum.

In this species adventitious buds develop at the leaf
blade, usually on bthe adaxial surface (9L, 106, 137), where
they start as little callus masses and gradually become
organized into buds, forming scales, leaves, roots and,
internally, a vascular strand (see figs. 1, 2, 3). By the
time the buds are organized‘as small adventitious plants
there is a complete vascular connection between the plantlet
and the vein of the adult leaf (fig. 3). 01ld leaves may
display‘a very large number of such adventltious plantlets,

We have observed a very large number of plants of this
species, which is grown in large scale by some nurseries
in Los Angeles County. Both in these and in the plants we
have cultivated for three years in the Earhart Laboratory,

adventitious plantlets developed on fertile leaves, if they
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Fig. 2. Asplenium bulbiferum.
Right: Fertile pimnna of a leaf of adult plant, with

adventitious plantlet (adaxial view).

Adventitious plantlets.

Middle: Detailed

view of the adventitious plant. Left: Bulbill from which

grows an adventitious plant.
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Fig. 3. Asplenium bulbiferum. Vascular connection
between adventitious bud and vein of mature leaf segment.
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are left attached to the adult plant, iﬁitiate and develop

sporangia on their own leaves; adventitious plantlets

developed on sterile leaves do not initiate sporangia on

their leaves, unless these leaves are exposed for long

Qeriéds to long-day conditions. In this species fertile

leaves differ from sterile leaves also by a typical shape,
with very dissected pinnae (see figs. L, 5) and the fertile
leaves of adventitious plants conform to this rule (see

fig. 6). It seems, therefore, clear that the fertile veins
of the adult leaves not oniy are adjacent to the sori of

the adult leaf, but are also connected to the fertile leaves
of the.adventitious plantlets.,

Once this was found, we have tried to observe what
would happen to the leaves of adventitious plantlets if
such plantlets were severed from the adult leaf and allowed
to develop as separate individuals. The experiments done
with this purpose are described in detaill in the section
referring to the behavior of Asplenium bulbiferum. The

results show that when the vascular connection between the

adventitious plantlet and the adult leaf is broken, the

plantlet loses the capacity to initiate sporangia, even in

favorable photoperiodic conditions, till it reaches

maturity. This fact, in contrast with the continued
initiation of sporangia in the leaves of plantlets left
attaéhed to the adult plants, indicates that the initiation
of sporangia in attached plantlets is due to translocation
of materials from the adult plant to the adventitious

plantlets.
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Fig. 5

Shadowgraphs of sterile (fig. L) and of fertile

(fig. 5) pinnae of Asplenium bulbiferum.

Fig. L
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Fig. 6. Asplenium bulbiferum. Fertile pinna of adult
plant with fertile adventitious plantlet (shadowgraph).

Fige T. Asplenium bulbiferum. Sterile pinna of
adult plant with sterile adventitious plantlet.
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f) Abnormal localization of spbrangia in adult leaves.

In the species in which initiation of sporangia is
restricted to some leaves or to some well defined leaf
areas it is possible to observe the occasional initiation
of sporangia outside of these normally fertile areas. The
observationé reported in the literature, as well as our
own, fall under three main categories: extension of the
fertile area; unilateral initiation of sporangia in
bilaterally symmetrical leaves and discontinuous areas of
initiation.

Extension of the fertile area.

In most species of Botrychium sporangia are initiated
only in the basal segment of the leaf. Occurrence of
sporangia in supplementary fertile areas in the first basal
pinnae has been reported (52, 53, 73, 88, 107), as well as
Helminthostachys (40). A similar condition is found in
Anemia (Euanemia), where normally only the two basal pinnae
bear sporangia. Fronds with one or more supplementary
fertile pinnae have been reported in several species (81,
107, 108, 109, 110, 151).

Unilateral initiation of sporangia in bilaterally symmetrical

léaves.

This has been reported for Dryopteris thelipteris (30),
for Blechnum occidentale (129) and for Anemia (110). In
Onoclea sensibilis and in Pteris cretica Dickason (60)
tried to explain these cases as a possibility arising from

the fact that these leaves have two parallel leaf traces
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(see fig. 8). This interpretation does not hold for
Anemia where there is only a single trace per leaf (110).

Discontinuous areas of initiation of sporangia.

This fact was observed in Botrychium (120, 165), in
Anemié (108) and, among Equisetineae, in Equisetum maximum
(156), In Osmunda claytoniana this condition was occasionally
displayed in one of our experiments (see fig. 65). Extreme
cases are found in Platycerium, where sporangla occasionally
occur in the nest leaves (175) and in several species of
ferns which were found to produce, abnormaliy, sporangia

on the adaxial surface of the leaf (88, 179).

i« Conclusions.

1) The most common localization of sporangia in leaves

of adult plants suggests that their initiation may depend

on correlations carried by vascular tissues.

2) The fact that sporangia may be found in such varied

places as gametophytes, primary leaves and usually in

fertile areas of leaves of adult plants shows that their

initiation is potentially possible in many areas of the

fern organism, i.e., that the causes involved in their

initiation can recur independently in restricted areas.
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Fig. 8. Leaf trace of sporophyll of Onoclea
sensibilis. Right: Cross sections of the petiole at
three different levels, showing the 2 leaf traces.

Middle: Detail of the vascular bundle showing 2 stages
with 3 protoxylem groups. Left: One of the leaf traces
of an adult leaf, limited by the endodermis. Metaxylem
arches connecting the 3 protoxylem groups. Above: Detaill
of the liquified hypodermis,
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PART III

INHIBITIONS AND DEVIATIONS IN THE DIFFERENTIATION
OF SPOROPHYLLS

If we concentrate our attention in the organ where
sporangia are ordinarily initiated and developed--the sporo-
phyll of the adult plant--it will become evident that the
differentiatién of this type of leaf may suffer inhibitions
and deviations, which can provide additional information on
the initiation of sporangia.

Sporangia may be partially or totally replaced by other
structures, such as cell proliferations, paraphyses, vegeta-

tive buds and aposporous gametophytes.

1. Cell proliferations replacing the sorus.

Since this is not an uncommon phenomenon we will limit
ourselves to the consideration of some dimorphic ferns,
where the study is facilitated by secondary sporophyll
characters, that identify the position of the arrested sori.
Onoclea sensibilis is one of such plants. Figs. 9 and 10
show the habitus and the sterile pinna. Figs. 11 and 12
show two stages in the development of the fertile leaf. As
is easily observed, the sterile pinna has a reticulate
venation, abundant abaxial stomata and an expanded blade,
whereas the fertile pinna has open venation, no stomata and
a contracted and abaxially folded blade.

Figs. 13 to 25 show abnormal fertile pinnae, in which

it is possible to follow a series of types, ranging from a
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Fig. 11. Onoclea sensibilis. Young fertile frond.
Upper row: frond, first order pinna, second order pinna
in abaxial view, cross section through a first order pinna.
Lower row: detall of vascular bundle of first order pinna,
scale, detail of the cross section of the second order pinna,
showing receptacle and young sporangia, below the indusium.
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Fig. 12. Onoclea sensibilis. An older fertile frond
(right); cross sections through the region of the receptacle
showing the gradate development of the sorus. Left, down
cross section of the vascular bundle of second order pinna.
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Figs. 19 and 20. Onoclea sensibilis., Pinnae of
arrested fertile fronds.
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Fig. 25. Onoclea sensibilis. Pinnae of
arrested fertile fronds.



Figs. 26, 27 and 28. Onoclea sensibilis. Successive
pinnae of an arrested sporophyll, showing a longitudinal
transition from sporophyll features to trophophyll charac-
teristics, in the same frond. The numbers indicate the suc-
cessive pinnae at one side of the rachis in acropetal order.
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type very similar to the normal trophophyll, to one with
many sporophyll features and even a few sporangia in the
sorus. These leaf forms have been referred tokas Onoclea
sensibilis forma obtusilobata (59, 136, 143,153, 167, 177,
185). A similar form has been admitted for Pteretis
nodulosa (72).* For developmental physiology the interest
of these abnormal leaves lies in the fact that they display
a series in which the development of the sporophyll is
arrested at different stages and deviated to the trophophyll
pattern. This is shown by comparison of the vein system,
of the cutting of the margin, of the involution of the margin
and of the residual indusia. In some of these leaves the
incompletely developed indusium faces a region of the leaf
surface where there is a "hillock" of cells, that is, a
local cell proliferation (Fig. 29), similar in shape and
in position to the receptacle of a young sorus (compare
with Fig. 11). Several degrees of cell proliferations of
this description may be observed (Fig. 30). The incompletely
developed indusium may also range from a large flap to a
very small one (Fig. 31).

In Osmunda Claytoniana abnormal fertile pinnae are also
very common. Fig. 32 shows the habitus of the plant and

fig. 33 shows a closer view of the fertile frond, with its

*

- It may be incidentally remarked that such taxonomic
designations should be dropped, since these forms are long
known to be abnormalities of individual leaves, which can be
gr3duced experimentally by defoliation (19, 21, 22, 23, 24,

7).
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Fig. 29. Onoclea sensibilis., Right: cell prolifera-
tion replacing a sorus; Left: an abnormal pinna where these
proliferations are found.
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Fig. 30. Onoclea sensibilis. Several types of cell
proliferations found in arrested sporophylls, in the posi-
tion of the sori.
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Fig. 31. Onoclea sensibilis. Several types of
residual indusia found in arrested fertile pinnae.
Left: a pinna of an arrested sporophyll, showing the
open venation and the residual indusia.
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Fig. 32. Osmunda Claytoniana. Habit

Fig. 33. Osmunda Claytoniana. Sporophylls with middle
set of fertile pinnae.
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middle set of fertile pinnae. These have a very narrow blade
(fig. 35),/contrasting with the sterile pinna. . Figs. 36 to
41 show a normal sterile and several abnormal fertile pinnae,
with cell proliferations and scattered sporangia on the
veins. Fig. 42 shows some details of these cell prolifera-
tions. These abnormalities were observed by us in natural
populations of the species, at Michigan, and had been also
observed in both of the areas of distribution of the plants
(51, 56, 92, 93, 138, 150).

In 1953-54 we recorded the presence or absence of these
abnormalities in 330 fronds of plants growing in natural
conditions in Ann Arbor, Michigan. Table I presents these
data for 11 groups of 30 fronds each. The average number
of abnormal fronds per group of 30 fronds is: 17 + 2 (stand-
ard deviation). Therefore, in these conditions, the number
of sporophylls with abnormalities ranges from 50% to 63% of
the number of sporophylls of the sample.

It is worthy of note that in this species the abnormali-
ties were never found to occur in the pinnae of the middle
of the fertile set of the frond, but always in the lower
and upper pinnae of this set. From the data of table I, it
is clear that the organization of the sporophyll in which
there is a mixed pattern of development (partially fertile)
in the pinnae of the extremes of the fertile region of the
sporophyll is at least as frequent as the organization with
a sudden transition from one type of pinna to the other.

This fact can be understood in part when we consider the



Fig. 34. Osmunda Claytoniana. Left: sterile pinna;
Right: fertile pinna of the same frond, with sporangia.

Fig. 35. Osmunda Claytoniana.
showing sporangia.

Detail of fertile pinna



Pinnae of

Osmunda Claytoniana.
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Fig. 42. Osmunda Claytoniana. Cell proliferations
in pinnae of arrested sporophylls. At right, middle row,
a sporangium, showing subjacent vascular supply.
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Table I

Frequency of sporophylls with abnormal fertile pinnae in
natural populations of Osmunda Claytoniana in Ann Arbor,
Michigan

Groups of 30 # of sporophylls with
fronds abnormalities

17
17
14
19
15
14
17
20
20
18
16

e '
= O\0 00~ OV W N
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development of the sporophyll in this species.

The abnormal pinnae are not equally common in the lower
and in the upper limit of the region of the fertile pinnae
of the sporophyll, as shown in Table II, in which the fre-
quencies of the abnormal pinnae are discriminated by classes,
according to the position (basal or apical) in which they
occur in the sporophyll. So the abnormalities are more
frequent in the apical limit of the region of the fertile
pinnae of the sporophyll. This indicates that the fertile
pattern of development is less stable in the apical limit
of the region of the fertile pinnae. It is possible to
think of the initiation of sporangia in the pinnae of the
sporophyll, in this species, as being limited by different
factors at the base and at the apex of the frond. Ih fact
it is possible to induce the initiation of sporangiahin
all the apical pinnae of the frond, but not, so far, in the
basal pinnae. This result will be discussed in the section
dealing with the behavior of Osmunda Claytoniana.

Abnormalities in which the sorus or isolated sporangia
are replaced by a callus-like proliferation, as those de-
scribed for Onoclea and Osmunda, were reported for prothal-
1151 sporangia in Nephrodium dilatatum (114), for Ophioglossum
vulgatum (Rabenhorst in 38), and, among other Pteridophytes,
for Equisetum telmateia (178), for Lycopodium (38), and for
Selaginella (38).

All these facts show that the sorus can be arrested and

deviated in its initial development, producing a cell pro-
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Table II

of abnormal
both limits

fertile pinnae at the base, at the ape:
of the region of the fertile pinnae of

the sporophyll, in natural populations of Osmunda
Claytoniana in Ann Arbor, Michigan
# of fronds # of fronds # of fronds
with basal with apical with basal and
Groups of abnormal abnormal apical abnormal

30 fronds pinnae only pinnae only pinnae
(x,) (X,) (X,)
1 2 11 L
2 4 9 4
3 2 6 6
4 10 5 4
5 5 9 1
6 1 9 4
’ 1 9 7
8 4 14 2
9 L 11 5
10 2 13 3
11 4 9 3
Zxi 39 105 43
X 3.5 9.0 3.9

> 8§ 64.75 58.75 28.91
o 2.4 2.3 1.6

)_< 05% qu,ole,

3.7% to 19.7%

24,0% to 39.3% T7.6% to 18.3%
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liferation at the leaf surface.

2. Sporangiasters and paraphyses.

| Sporangiasters_are sporangia that had thelr development
afrested and deviated in a stage in which at least the
pedicei and the capsule are clearly recognizable. In para-
physes development is arrested earlier and the appearance
ranges from that of a unicellular hair to that of a
sporangiaster (43). Figs. 43, 44 and 45 show several
types of such organs for Onoclea sensibilis and for Osmunda
Claytoniana. Facts of this nature have been reported for
many species of ferns (20, 35, 36, 57, 69, 70, 71, 149).

There are three cases of arrest of development of sporan-
gia reported in the literature that deserve a special men-
tion because they disclose an interesting aspect of this
phenomenon. One 1s the local arrest in development by
albinism; the other is the differentiation of a glandular
type of paraphysis observed in Polypodium vulgare and the
third is the arrest by correlation between sporangia.

Local arrest in variegated plants.

Bateson has described a variegated plant of Adiantum
cuneatum (28), which was subsequently studied in more
detail by Andersson (9). The plant exhibits white areas,
where chloroplasts rarely exceed 50% of the size of normal
chloroplasts and have a pale green color. Cells either
have émall-pale chloroplasts or normal chloroplasts and
there is no transition in size, nor in color, at the

boundary between white and green regions of the leaf. When
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Fig. 43. Onoclea sensibilis. Sporangiasters in an
arrested sporophyll.

Fig. 44, Onoclea sensibilis. Sporangiasters. Arrested
fertile pinna. (Left); sorus with sporangiasters and sporangia,
individual sporangiaster (up, right), stomates (below and
cell proliferation, with residual inclusium.
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Fig. 45, Osmunda Claytoniana. Sporangiasters; at right:
normal sporangium among sporangiasters.
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the white sector reaches the leaf margin, where sori are
~developed in this species, sporangia are initiated both in
the white and in the green sectors of the sorus,hbut only
those initiated in the green areas complete their develop-
ment. The sporangia initiated in the white area turn into
sporangiasters. The study of the physiological differences
between white and green patches in this plant may disclose
some information on the factors involved in development of
sporangia, inasmuch as other cases of variegation are known
among ferns, in which the white areas initiate and develop
normal sporangia and viable spores (12).

Partial arrest in development of the sorus in some strains

of Polypodium vulgare.

Arrest in development of sporangia, forming glandular
sporangiasters and paraphyses has been observed in Polypodium
vulgare (20). Subsequently it was shown by Martens (130,
131, 132, 133, 135, 135) that these paraphyses occur in two
different morphological types, which show definite geo-
graphical patterns. A cytological analysis by Manton has
shown that both types bearing paraphyses belong to diploid
populations (there are also tetraploid, hexaploid popula-
tions, as well as triploid and pentaploid populations) (126,
127). In this case the arrest in development of some sporan-
gia of the sorus seems to be an inherited trait.

Arrest in development of sporangia by correlation with

other sporangia.

The observation of development of sporangia in Lygodium

(29) and in Anemia (110, 151, 172) shows that the aplcal
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sporangia of the sorophore usually do not complete their
development and remain arrested. Morphological changes
following this arrest suggest that this effect éould be
caused by the older sporangia and not necessarily through
trophic competition (172).

Suppression of development of microsporangia by develop-
ing macrosporangia has been clearly established by
Pfeiffer (148), for Azolla. 1In this plant the sori con-
tain an apical macrosporangium and basal potential micro-
sporangia. Development of the macrosporangium starts first
and when it reaches the stage in which the 32 spores are
formed, two things may happen. First possibility: all
of the 32 spores abort, the whole macrosporangium degenerates
and this is quickly followed by development of microsporangia
in basipetal succession. Second possibility: 31 out of
the 32 spores of the macrosporangium degenerate; the re-
maining spore develops into the macrospore. In this case
the young microsporangia, initiated at the base of the sorus,
remain arrested in a very early stage and never complete

their development.

3. Experimental arrest of the initiation and differentiation

of sporangia.

a) Defoliation experiments.

Complete and partial suppression of the initiation of
sporangia has been produced experimentally by defoliation

in Onoclea sensibilis (21), in Matteucia struthiopteris (87),



-56-

in Anemia collina and A. flexuosa (112) - In Anemia collina
defoliation ceases to be effective in this respect if a

single adult leaf is left in each plant (113).

b) Dark culture experiments.

Total suppression of Sporangia can also be produced in
Anemia phyllitidis by culture of the plants in continuous

darkness (112).

¢) Experiments with applied auxins.

Application of auxins (3-indole-acetic acid, 2,4-
dichlorophenoxyacetic acid and 2-naphthoxy-acetic acid) in
lanoline to the fertile pinnae of the young developing
fertile leaves, or as a solution given through the soil,
produces the replacement of sporangia by irregular cell

proliferations (111).

d) Experiments with continuous light at high tempera- .

tures.

Replacement of sori by irregular cell proliferations
has been obtained by us experimentally in Salvinia rotundi-
folia by culture of plants at 3OOC in continuous light in
the Earhart Plant Research Laboratory. This experiment
will be described in the section dealing with the behavior

of Salvinia rotundifolia.

e) Experiments with continuous sprays of water.

In Marsiiea guadrifolia continuous spraying of plants

with tap water for 48 to 60 hours was found by Shattuck (164)
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to arrest the development of macrosporangia, without affect-
ing the microsporangia of the same sporocarp. More than

60 hours of spray was found to arrest the develépment of
both types of sporangila. These results were interpreted

aé due to detrimental effects caused by a lowering of the
temperature due to the water spray. As the experiments
were not made with the appropriate controls with sprays of
water at higher temperatures, the interpretation given is

open to question and conclusions must await a reinvestigation.

f) 1Isolation of young fertile organs.

Williams (192) obtained reversion of the young fertile
cones of Selaginella grandis to a vegetative development

by the culture of isolated young fertile cones.

L, Sporangia replaced by vegetative buds.

Cases have been reported in which the sorus is totally
or partially replaced by a vegetative bud in ferns (35),

as well as in Isoetes (85) and in Lycopodium (88).

5. Sporangia replaced by gametophytes.

Production of aposporous gametophytes in adult leaves
is by no means a rare event (see, for instance, 64). 1In
some cases of apospory, the aposporous gametophytes are

produced from young arrested sporangia (34, 35, 36).

6. Conclusions.

The above discussed facts, concerning alternative path-

ways of the differentiation of sporophylls, show that:
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1) The development of the sporangium is a catenary

process, that may be arrested and deviated at any of its

stages.

2) Initiation and development of sporangia can be experi-

méntally suppressed in some plants by a variety of procedures,

some of them involving climatic conditions, others using

changes in internal physiological conditions.

Both the 1aok‘of specificity of the topographic locali-
zation of the initiation of sporangia and the above men-
tionéd conclusions suggest an attempt to describe the
initiatfon of sporangia in terms of an interaction between
iﬁternal and environmental factors. The first requirement
for this purpose is to determine whether climatic factors,
such as temperature, photoperiod and thermoperiod can affect

the process in some plants.
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PART IV

EFFECTS OF CLIMATIC FACTORS ON THE INITIATION OF
SPORANGIA IN SOME FERNS

1. Review of published data.

a) Phenological information.

The first fact that demands attention is the scarcity
of annuals among‘ferns. With the exception of some species
of Salvinia, Azolla, some Marsileaceae and some species of
Anogramma (79), all ferns are perennial plants. Among
tropical ferns a coincidence has been obseryed between a
relatively dry season and the time of production of sporo-
phylls (98). The best known cases of seasonal periodicity
in the production of sporophylls are those of Salvinia
natans and of the temperate species of Osmunda. Salvinia
natans was observed to produce sporophylls in the end of
August at Sendai, Japan (36°16' N latitude), when the length
of the day is approximately 10 hrs. 40 min. (142). Osmunda
cinnamomea differentiates sporangia before the fall (48)
and after the preceding spring (169). The same annual
periodicity was observed by us for Osmunda Claytoniana
growing in Ann Arbor, Michigan. The time of growth of the
already differentiated sporophylls of Osmunda cinnamomea
is progressively delayed in the year calendar, as we go
from the Antilles northward (168). This fact, as well as

the sporadic production of fertile leaves by plants of this
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species in the fall (55), is not pertinent to the initiation
of sporangia, but to the growth of the fertile leaf, on
which the sporangia are already differentiated;

As is well known, the use of phenological information
as a hint for a preliminary choice of objects for studies
requires discretion, since experience has already shown
some of the pitfalls of an oversimplified attitude. Among
thesé are: 1) the existence, in some cases of several
limiting environmental factors, with non-coinciding annual
variations; 2) the existence, in some plants of different
processes leading to similar morphogenetic effects; 3) the
existence of'additive requirements, which are satisfied in
succession in different times of the year; 4) the existence
of environmental requirements which are different for the
initiation of reproductive structures and for their develop-
ment. In natural conditions the interplay of these pro-
cesses, disclosed by physiological analysis, may be fairly
complicated so that the translation of phenological data
in physiological terms, and conversely, is seldom a straight-

forward matter.

b)‘ Experiments indicating a day-neutral behavior.

Kaufhold (105) found that photoperiodism does not affect
the initiation of sporangia in the following species of ferns:
Blechnum spicant, Struthiopteris germanica, Dryopteris
spinulosa, Nephrolepis cordifolia, Polypbdium aureum, and

Ceratopteris thalictroides.
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Chouard (50), in long term experiments, has observed
that Asplenium trichomanes, Asplenium viride, Asplenium
septentrionale and Polystichum spinulosum aré élso independ-
ent of photoperiodism for the initiation of sporangia, al-
though there is an annual periodicity in this process. As
a consequence these specles were classified by him as day-
neutral or "photo-aperiodical," since they require light
before and during the stage of reproductive differentiation,
although this differentiation is neither accelerated, nor
retarded, by photoperiodical treatments.

Recently Bloom and Voth (31) have tried, without suc-
cess, to induce the formation of sporacarps in Regnellidium
diphyllum by short-day and long-day treatments applied to
plants grown in nutrient solutions specifically designed
for the species; Although in this speciles photoperiodism
is not the main environmental factor affecting sporocarp
formation, this species is not day-neutral, as we shall see

in the following.

c) Experiments establishing a short-day behavior.

As far as we are aware, the only information of this
nature that can be found in the literature is in the work
of Nakayama (142) with Salvinia natans. Plants of this
species, cultivated in Knopp's nutrient solution, and sub-
mitted to continuous light, do not produée sori, whereas
those.submitted to short (7 hours) days initiate sori very

quickly, as shown in Fig. 46.



Fig. 45, Effect of long nights on the produntiion of
sori in Salviniza natans (from Nakayama (142)). Curve A:
rdinates: percentage of plants with sori; abclssae:
number of long nishts given. Curve B: cordinates: average
aumber of sorl rer plant; abeissae: number of long nicrnhts
piven.
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The experiments by this author indicate a critical
night-length between 8 and 16 hours.

In this: species the percentage of fertilehplants
(in samples of 50“plants each) was shown to be a crescent
function of the number of floating leaves left in the
plants, as Shown in fig. 47. Also the average number of
sori formed per plant is found to be proportional to the
number of floating leaves per plant, as shown in Fig. b,

Some experimental results indicate the possibility
that a stimulus may be formed in the floating leaves and
translocated to the young water leaves of the nodes kept
without floating leaves by defoliation, where sori are
initiated and developed. It was also demonstrated that no
sori are initiated in photoperiodically induced plants grown

in a nitrogen-deficient nutrient solution (142).

2. Behavior of Asplenium bulbiferum.

As was mentioned before this species offers some ad-
vantages as an object for studies on the initiation of
sporangila, owing>to the fact that it forms abundant buds in
the leaves. These buds develop into adventitious plantlets,
which are attached to the vascular system of the leaf.

This peculiarity of organization makes it possible to ob-
tain a uniform clone of plants for expefiments and also
provides the possibility of studying the transmission of
induction for the initiation of sporangia from an adult

plant to its adventitious plantlets.
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Fir. 47. Effect of the number of floatlng leaves on
the production of sori in Salvinia natans in short-day
conditions (from data of Nakayama (142)). Percentace of
fertile plants and number of sorl per plant as a function
of the number of fleoating leaves per plant.
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As was already noted, during development, the leaves
of this plant change from a typical sterile shape, with
broad pinnae (fig. 4) to a shape typical of the fertile blade,

with narrow pinnae (fig. 5)

a) Effects of the photoperiod on the initiation of

sporangia.

Experiment #1. (July 21, 1955-September 17, 1955.)

4O young plants growing at a nursery in Monrovia, all
without fertile leaves, were introduced inﬁo the Earhart
Laboratory and planted in a mixture of vermiculite and
gravel. These plants were irrigated daily with the modified
Hoagland's nutrient solution used in the Earhart Laboratory
and cultivated at 2000, with two different photoperiodic
treatments. 20 plants received days of 8 hours of natural
light, whereas the other 20 were given a total photoperiod
of 16 hours (8 hours of sunlighf + 8 hours of supplementary
artificial, incandescent and fluorescent light, 4OO ft.-c.).
Results are shown in Table III and in fig. 48.

These results suggest a quantitative long-day behavior

of this plant at 20°C.

Experiment #2. (September 17, 1955-November 5, 1955.)

The purpose of this experiment was to obserﬁe the
effect of very short (4 hr.) days on the morphogenesis of
the néw developing leaves of adult fertile plants.

Nine adult fertile plants, previously cultivated at
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Table IIT

Effect of photoperiod on the initiation of sporangia
in Asplenlum bulbiferum at 20°C.

8 hr. photoperiod 16 hr. photoperiod

Dates Days of # Sterile # Fertile # Sterile # Fertile

treatment plants plants plants plants
July 21 0 20 0 20 0
July 26 5 20 0 19 1
Aug. 5 15 20 0 19 1
Aug. 12 22 20 0 18 2
Avg. 19 29 20 0 17 3
Aug. 29 39 18 2 6 14
Sept. 3 Ly 17 3 2 18
Sept. 17 58 12 8 2 18




|00 |6 h photoperiod

% of fertile plants

50+ 8 h photoperiod
10
I -
o) 10 20 30 40 50 60
Days

Fig, 48. Asplenium bulbiferum. % of fertile plants
as a function of time in 8 hour and in 16 hour photoperiocds
at 20°0C,
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2000; 16 hour photoperiods, as described in Experiment #1,
were placed in days of L hours at the same temperature
(20°C) and the new leaves, developed after thetbeginning of
the treatment, were observed periodically. Results are
presented in Table IV and in fig. 50.

Leaves developed during the treatment differ from
leaves developed at 16 hour photoperiods by the absence of
sporangia and also by a different shape, as shown in
fig 4L9. Since this is the shape of the juvenile leaves
and since it is known that such leaves can be skipped in
the developmental sequence of some ferns by an artificial
supply of suggrsv(188), the lack of initiation of sporangia
in such extreme short days could be due not only to an
excessive length of the night, but also to the excessive
shortness of the day. It is known, for instance, that for
Xanthium pennsylvanicum, for the same inductive dark treat-
ment, the rate of flower development 1s minimum in the
winter months (160). This effect was attributed to the low
light intensity prevailing in these months and it was shown
experimentally by Liverman and Bonner (123) that this effect
can be overcome by administration of sugars and Krebs
cjcle aclds to the plants during the inductive dark period.
Therefore it was decided to observe the effect of the length
of the night in cycles of I8 hours, since the use of this
cycle allows treatments by long nights and long days

simultaneously.

However, since the adventitious plantlets appear as
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Table IV

Effect of lI hour photoperiods on the initiation»of
Sporangia in Asplenium bulbiferum at 20°C

# of plants with

Days of the last leaf
Dates treatment fertile
Sept. 17 0 9
Sept. 2l 7 8
Oct. 1 1l 8
Oct. 6 19 6
Oct. 16 29 4
Oct. 23 36 i
Octs 30 L3 1
Nov. 6 50 0




Fig. 49. Asplenium bulbiferum. Effect of L hour
photoperiods at 20°C on leaf development. Left: .fertile
frond developed in 16 hour photoperiod. Right: sterile
frond developed in L hour photoperiod.

100

50

o

% plants with last leaf fertile

| | ] ]
O 10 20 30 40 50
Days

Fige 50. Asplenium bulbiferum. % of plants with the
last developed leaf with sporangia as a function of time.,
in I} hour photoperiods at 20°C.
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fertiie and as sterile plants, before this experiment

could be done 1t was necessary to ascertain whether isolated
fertile plants continue the production of feftile fronds
after separation from the adult plant, in short and in long
days. If this were the case, fertile and sterile plantlets
would not be in comparable physiological conditions after
isolation from an adult plant and even sterile plantlets
could be already induced if attached to adult plants in long
dayé. Practically this would require the growing of adult
plants under nights of 2l hours, in L8 hour cycles, for
very long periods, in order to use their adventitious
plantlets as non-induced objects for the planned experiment.
For tunately, a parallel series of experiments had been
started in order to investigate the behavior of adventitious
plants after isolation from the adult plant, and their
results made unnecessary the use of this time-consuming
precaution.,

b) Behavior of adventitious plants after isolation

from the adult plant.

Experiment #3. (July 19, 1955-October 8, 1955)

Ninety-five adventitious plantlets with fertile leaves,
developed from an adult plant grown at 20°C from 8200 a.m.
to 43200 p.m. and at 1L49C from L300 p.m. to 8300 a.m.
natural photoperiod, were separated from the "mother-plant"
and planted in vermiculite moistened from below with nutri-
ent solution. Excessive evaporation was prevented by

shielding the plant containers with transparent plastic
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covers, The isolated adventitious plants were kept in the
same conditions prevailing in the culture of their "mother-
plant."

Under these conditions roots and new leaves were
developed, but not a single fertile leaf, whereas, in the
same environmmental conditions, the adult plant, as well as
their attached adventitious plantlets, continued producing
fertile leaves. The change in leaf morphology was already
apparent in the first leaf developed after separation from
the adult plant. Leaves produced after isolation of the
adventitious plants had much broader pinnae, typical of the

sterile leaves (see figs. 51, 52, 53).

Experiment #L. (September 9, 1955-January 31, 1956).

In the beginning of September, 1955 it was already
apparent in the plants of Experiment #1 that long day
conditions at 20°9C accelerated the production of fertile
leaves in this species. On the other hand, it was also
apparent, in plants of Experiment #3, that separation of
~adventitious plantlets from the adult plant leads to the
loss of the ability to initiate sporangia, under the condi-
tions of Experiment #3. Therefore, it was decided to start
another experiment, in which originally fertile and originally
sterile adventitious plantlets were separated from the leaves
of adult plants and given 16 hours photoperiods (8 hours
sunlight and 8 hours artificial light, as in Experiment #1),

at constant temperature (20°C).



Fig. 5l Asplenium bulbiferum. Fertile leaf developed
in adventitious bud, while still attached to adult fertile
leaf. Dots in soral areas mark ripened sporangia.
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Fig. 52. Asplenium bulbiferum. First leaf of
adventitious bud, developed after isolation of bud from
adult plant.
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Fige 53. Asplenium bulbiferum. Second leaf of
adventitious bud, developed after isolation of bud from
adult plant.
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Ten fertile plantleté and 10 sterile plantlets, from
the same source used in Experiment #3 were submitted to
this treatment for a long period of time, in order to
éscertain whether briginally fertile plantlets would start
initiation of sporangla earlier than originally sferile
plantlets. The results are given in Table V. (See also
fig. 5l). The absence of fertile leaves in the period
that follows immediately the isolation of the buds is not
due to absence of new leaves in this period. The plants
continued to produce new leaves, but these were sterile.
These results indicate that the originally fertile plants
have no advantage over the originally sterile plants in
recovering the capacity of initiating sporangla under
favorable photoperiodic conditions. It also verifies the
observation that adventitious plants lose the ability to
initiate sporangia upon separation from the adult plant.
Since this capacity i1s not lost in fertile plantlets that
‘remain attached to the adult plant, these results are taken
as evidence that early initiation of sporangia in adventi-
tious plants requires the vascular attachment to the leaf
of the adult plant.

Since after isolation from the adult plant no residual
effect was found of the previous inductilon of the initiation
of sporangia, 1t is safe to use adventitious plantlets in

order to test the effects of long nights in L8 hour cycles.

Experiment #5. (October 21, 1956-June 16, 1957).

Forty-eight adventitious plants were isolated from an
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Table V

Effect of isolation of fertile and sterile adventitious
plants, grown in 16 hour photoperiods at 20°C, in
the production of sporangila.

Dates Days of Originally fertile Originally sterile
treatment plantlets. plantlets.
# of plants with # of plants with
new fertile leaves new fertile leaves

1955

Sept. 9 0
Sept. 17 8
Sept. 24 15
Oct. 1 22

Oct. 8 29
Oct. 15 36
Oct. 22 L3
Oct. 29 50
Nov. 5 57
Nov. 9 61
Nov. 12 6l
Nov. 19 71
Nov. 26 78
Dec. 3 85
Dec. 16 98
Dec. 31 113

1956
Jan. 31 1Ll 10 10

oo EFEEsEFEFFwHrCcCOoOOCOOOO |
oo ON\NWNEFEF OO OO O T
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Fig. 5. Asplenium bulbiferum. An isolated
adventitious plantlet with L. developed leaves: I. Fertile
leaf, developed when the bud was still attached to adult
leaf; II, III, IV sterile leaves developed after isolation
of the bud; V. Young leaf.
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adult plant grown at 20°C, 16 hour photoperiod and rooted
in a moist chamber, in the same conditions ( 20°C, 16 hour
photoperiod). They were divided in L equal groups and

glven the following treatments:

Hours of artificial Hours of

Group . Hours of sunlight 1light (500 ft. c.) darkness
1 8 16 2l
2 8 17 23
3 8 18 22
I 8 2l 16

Results of periodic observations are shown in Table VI,
and in fig. 55.

These results show that, for the initiation of sporangia,
Asplenium bulbiferum behaves as a long-day plant with a
critical night-length of 23 hours in 48 hour cycles. The
initiation of sporangia in this plant, in natural, 2& hour
cycles at 20°C is not limited by photoperiodism in a
qualitative manner, since, in such cycles, nights can
scarcely be long enough tc constitute a limiting factor
before the shortness of the day also becomes a limiting

fac tor.,

3. Behavior of Osmunda Claytoniana.

a) Annual cycle of development.

Osmunda Claytoniana is a species found in two separate

areas: HEast and Middle West of North America and Oriental
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Asia (79). It is a perennial plant with a well defined
annual cycle of development. In the spring the sporophylls
grow first and are followed, throughout the spring and the
surmer by trophophylls. All adult leaves die in the fall
and growth is resumed in the following spring. A dissection
of a rhizomé apex in the fall shows all types of leaves,
which are, in acropeﬁal succession: cataphylls, sporophylls,

trophophylls and undifferentiated leaves.

Undifferentiated leaves.

These leaves show a flattened base, circinate vernation
and pinnae developing.in acropetal succession. The pinnae
are club shaped, not flattened, white, with slightly wavy
margins. The length of the pinnae and the number of
marginal undulations decreases from the base to the apex

of the frond (see figs. 56, 57, 63).

Sporophylls.

The differentiation of these leaves, as far as the
fertile pinnae are concerned, is virtually completed in the
fall, when sporangia are already in a very advanced stage
of development. Fig. 58 shows a young fertile frond, with
a‘basal sterile pinnae and a fragment of a fertile pinna
drawn at the same scale.

The first fact that draws attention in this type of
leaf is its general organization, with a basal set of
sterile pinnae, an intermediate set of fertile pinnae and

an apical set of sterile pinnae (see figs. 32, 33).
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Fig. 56. Osmunda Claytoniana. Pinnae of an
undifferentiated leaf.

Fig. 57. Osmunda Claytoniana. Pinnae of an
undifferentiated leaf.
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Fig. 58. Osmunda Claytoniana. Left: ~Apical bud
with young leaves and adventitious roots. Top row: Two
cataphylls and a series of pinnae of a cataphyll in

acropetal order. Bottom row: A young sporophyll, one of
its sterile pinnae and a fragment of a fertile pinne.
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vDisséction of young sporophylls reveals the existence
of a double longitudinal gradient of development of their
pinnae. Starting from a pinna which is usuallﬁ the fifth
development 1is progressivelylretarded both towards the base
and towards the tip of the frond. This sequence of develop-
ment is_mofphologically expressed by three features: the
number of segments of the pinna, the shape of the margin
and the color.

Fertile pinnae with already differentiated sporangila
are conspicuous in the frond by a much deeper green color,
as compared with the sterile pinnae of the same frond. This
difference is already apparent in the young fertile pinna,
when the sporangia are being initiated and the green color
fades in successive pinnae further to the base and to the
tip of the frond.

The shape of the margin of the pinnae shows a similar
variation. The first morphological sign of the initiation
of sporangia is the splitting of the marginal crenations by
a plane parallel to the plane of thé pinna blade, forming
two lips at each crenation, which appear partially super-
imposed in face view (see pinna IV in figs. 59 and 60).
Thus every crenation of the margin of the undifferentiated
pimna is replaced, in the young fertile pinna, by a stacked
pair of round marginal projections. Each of these marginal
projections 1s a meristem that will pfoduce a sporangium.
During subsequent stages of development the.sporangia

gradually readjust their positions, sliding from the margin
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Fig. 59. Osmunda Claytoniana. Some of the basal
pinnae of a developing sporophyll, in acropetal order.
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Fig. 60. Osmunda Claytoniana. Fertile pinna just
before sporangia are initiated.
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to the surface of the narrow blade of the fertile pimna.
This produces the crowded appearance of the adult fertile
pinna.

Observation of fertile pimnae in early stages of
develqpment is possible by the fact that sporophylls
develop in acropetal sequence in the rhizome. The stages
in development, as revealed by the above described changes
in the shape of the margin of the pinna, show a gradual
delay in different pinnae of the same frond, both basewards
and tipwards. |

Likewise, the number of segments of the pinna decreases
towards the base and towards the tip of the frond.

The progressive delay of differentiation of fertile
pinnae in both longitudinal directions makes understandable
that the sporangial differentiation will become less stable
as we consider pinnae more removed from the one that started
differentiation first (usually it is the fifth). Thus, it
is not surprising that the abnormal pinnae would be found
so often in the limits of the fertile and sterile regions
of the sporophyll.

Another conspicuous characteristic of the development
of the sporophyll is that the pinnae of the apical part of
the frond, following the fertile pinnae, are rather slow in
their differentiation, remaining relatively undifferentiaied

when the basal pinnae are already clearly determined.



Trophophylls.

The differentiation of the pinnae of trophophylls is
entirely similar to that of the sterile pinnae of the
sporophylls. Fig.yél shows the longitudinal sequence of
pinnae of a young trophophyll. The color of the pinnae
remains a pale yellowish green till ﬁhe unfolding of the
leaf, the blade is progressively flattened and cut in
pinnate segments; the indentation of the margin is always

smooth and undulated.

Cataphylls.

In this species cataphylls are generally similar to
those described by Steeves and Wetmore for Osmunda
cinnamomea (169). The base of such leaves is broader and
more fleshy than in trophophylls and sporophylls and the
lateral "“wings" are much broader. The phyllopodium region
is, as in the other types of leaves, densely covered with
hairs (white in sporophylls, trophophylls and undifferentiated
leaves, red-brown in cataphylls) and, upon dissection, the
pinnae of sueh leaves are found to be brown and dead.
Comparison of pinnae of cataphylls (fig. 62) with those of
undifferentiated leaves (fig. 63), of young sporophylls
and of young trophophylls, shows that, in different cata-
phylls, the pinnate part of the frond may have been killed
in different stages, varying from those of very young
undifferentiated leaves, to those of completely differ-

entlated sporophylls, with fully developed sporangia.
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94444

Fig. 61. Osmunda Claytoniana. Pinnae of a young
trophophyll.
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Fig. 62, DNecrotic pinnae of different cataphylls of
Osmunda Claytoniana, showing the fact that cataphylls may
be made, in this species, from leaves in different stages
of development.
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of Osmunda Claytoniana.

ntiated young leaves

of undiffere

Fig. 63. Pinnae
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All these types of cataphylls can be found in the rhigome
of plants developed under controlled conditions (17°C, days
of 8 hours). It is impossible to draw a line between the
different types of young leaves which bear necrotic pimnate
région. The catéphylls are then characterized by a much

broader leaf base and by the presence of necrosed pinnae.

Stage of differentiation of young leaves at the beginning of

the annual cycle.

In order to ascertain the stage of differentiation of
young leaves at the beginning of the annual cycle of
development 10 adult plants were dissected, from a shipment
harvested during the winter of 1956 originating from the
living collections of Isaac Longley Williams, Exeter,

New Hampshire. Results are presented in Table VII.

As may be seen the leaves differentiated in the pre-
vious year are followed by undifferentiated leaves only.

The same fact becomes apparent when plants harvested
before the end of the winter are cultivated in lpw
temperature. In these conditions differentiation of the
leaves 1s slowed down and the original winter-condition

is essentially retained. This may be seen by results of

Experiment\#é. (March 20, 1957-June 1, 1957).

Nineteen plants from the source mentioned above were
harvested in the winter of 1957 and grown at the Earhart

Laboratory at 10°C, artificial light (LLOO ft. c.); 9 plants
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Table VII

Types of leaf found in the rhizome apices of 10 plants
of Osmunda Claytoniana harvested during the winter

Adult, fully Young leaves, with
Plant # differentiated pinnae, but
: leaves undifferentiated

17

9
10

8
11
15
L
1l
13

8
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v & N o U Fow oo

H
(@]
AN SN S T = e < BN |




-95-

were grown in days of 8 hours and 10 plants in days of

2l; hours (continuous light). After 86 days the plants

were harvested and individually dissected; the\following
results were obtained (see Table VIII). In the counting

of the number of undifferentiated leaves we have included
here all leaves beyond the stage in which the most advanced
pinna is a single-lobe structure, as shown in the bottom of
fig. 63.

The fact that at the end of the winter plants still
have no differentiated young leaves, taken together with
the fact that cataphylls, young sporophylls and young
trophophylls are already differentiated in the fall shows
that differentiation of leaves in this species is performed
during the spring and summer months.

b) Relations between sporophylls and cataphylls.

1. In conditions that allow the development of these two

types of leaves:

a) cataphylls precede sporophylls in the sequence of

leaves in the termimal bud;

b) there may be undifferentiated leaves between the

last cataphyll and the first sporovphyll.

This is shown by the results of the following

experiment:

Experiment #7. (October 2, 1956-March 23, 1957).

Twenty adult plants, from a shipment‘harvested at

Exeter, New Hampshire, during the late winter of 1955-1956
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were stored in moist vermiculite in a cold room at 4°C, days
of 8 hours (artificial light), till the begimning of the
experiment.™ '

On October 2ly, 1956, these plants were planted in
ihdividual crocks, in a mixture of vermiculite and gravel
and irrigated daily with the laboratory nutrient solutione.
They were cultivated at 17°C, days of 8 hours (sunlight).
The leaves differentiated between the spring and the fall
of 1955 developed well, but they were not taken into account
in judging the results of the treatment given, because they
were determined before such treatment was started. After
86 days (January 18, 1957) 10 plants were dissected and the
individual leaves examined in a dissecting microscope. The
results presented in Table IX give, for each plant, the
succession of leaf types in acropetal order in the rhizome
tip.

Similar results are observed ing

Experiment #8. (October 2l, 1956=-January 18, 1957).

Twenty plants of the same source used in Experiment #7
were cultivated at 17°C, in continuous light (sunlight from
8:00 a.m. to L:00 p.m. and supplementary artificial light
L0O ft. c. for the rest of the time). After 86 days the

plants were harvested and dissected. Results are given

"This delay was indispensable, since the experiment was
designed as one of long duration and it would have to be
interrupted if started before the summer of 1956, due to the
temporary shut-down of the Earhart Laboratory for repairs.
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Table IX

Types of leaf developed in plants of Osmunda Claytoniana
grown at 17°C, 8 hour photoperiods, for 86 days

C = cataphyll
S = sporophyll
U = undifferentiated leaf
Plant Adult Young leaves
# leaves 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 15 o ;C U 8§ 8 8§ 8 8 8 U U U
2 10 ¢c ¢ U U S U U U U U U U
3 17 U U U U U U
4 12 ¢ ¢ ¢ ¢ cC U s s U U U
10 ¢c ¢ ¢c ¢c c c ¢CcC c U U U
5 11 cC ¢C U 8 U U U U
8 cC U U U
6 9 ¢ ¢ ¢ 8 8 8 s U U U
10 Cc ¢C U S 8 U U U
10 c ¢ C U U U U U
2 Cc ¢C U U U
5 ¢ ¢C ¢ 8 U U U U U
9 18 ¢c ¢ ¢ ¢ 8 8 8 8§ 8 8§ s s U U U
10 12 c ¢ c c¢c c c c U s 8 8 U U U
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in Table X.

2. In conditions that allow development of cataphylls and

spbrophylls, when the annual cycle of development ceases:

a) undifferentiated leaves between the last cataphyll

and the first sporophyll tend to disappear;

b) occasionally the first sporophylls undergo a

necrosis of the pinnae and thus become cataphylls;

¢c) the sequence of leaves in the terminal bud is:

cataphylls-=-sporophylls--trophophylls--undifferentiated

leaves.
This is shown by the results of the continuation of

Experiment #7.

Experiment #7 (continuation).

After 1LO days of culture at 17°C, 8 hour photoperiod
(March 12, 1957) all adult leaves developed since the
beginning of the treatment were dead and no new leaves were
growing. One hundred fifty days after the beginning of the
experiment the 9 remaining plants were dissected (1 plant
died). Results are shown in Table XI.

Comparison of this table with Table IX shows that there
has been an increase in the number of cataphylls, at the
expense of the "cataphyllization" of the undifferentiated
leaves that, at the initial stages of the developmental
period, stood between the last cataphylls and the first

sporophylls. This shows that, in these conditions, the two
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types of 1eaf destiny (cataphyllizationjand differentiation

as sporophylls) take place simultaneously in the apical bud

of the stem, both types of leaf determination ﬁrogressing

towards the tip of the bud.

3 It is possible to minimize the formation of cataphylls

without stopping the differentiation of sporophylls.

This is shown by the results of the following experiment.

‘Experiment #9. (October 2L, 1956-January 18, 1957).

Twenty plants belonging to the same shipment described
in the prece ding experiment were cultivated at 26°C, in
photoperiods of 8 hours (sunlight). The plants developed
well and 10 of them were harvested, stored in a cold room
(L°C, 8 hour photoperiod) and dissected 2 days later.
Results are shown in Table XII.

A similar result was obtained in:

Experiment #10. (October 2, 1956-January 18, 1957).

Twenty plants (same source as in Experiments #7 and
#8) were grown at 26°C, in continuous light (sunlight from
8:00 a.m. to 4200 p.m. and artificial light the rest of the
time 00 ft. c.). After 86 days 10 plants were harvested
stored for 1 day in a cold room (4°C, 8 hours of light) and
dissected. Results are given in Table XIII.

Considering the results of Experiments #7, 8, 9, and
10, together with the observations on the annual‘cycle of

leaf development, we see that:
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Table XIT

Types of leaf developed in plants of Osmunda Claytoniana
grown at 26°C, 8 hour photoperiods, for 86 .days

C = cataphyll
S = sporophyll
U = undifferentiated leaf
Plant Adult Young leaves
leaves 1 2 3 4 5 6 7 8 910 11 12 13 14 15
1 12 S 8§ 8 8 8 8 8 U U U
2 12 U 8 8 U U U
3 11 S 8§ 8 8 8 U U
L 14 ¢Cc 8§S 8§ 8 8 U U U
15 S 8 8 U U U
5 19 S 8 8 8 8 8 8 8S U U U
6 21 S §$ §$ 8§ 8 8 8 8§ 8 8 U U U
7 14 c ¢ 8 $S 8§ 8 8 8 8§ 8 8 8 U UwuU
8 12 S 8 8 8 U U U
9 13 U U U U U U
10 S U U U U U
10 12 S S U U U
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Table XITII

Types of leaf developed in plants of Osmunda Claytoniana
grown at 26°C, continuous light, for 86 days

cataphyll
sporophyll

C
S
U undifferentiated leaf

i

Plant Adult Young leaves
# leaves 1 8 9 10 11 12 13 14 15 16

o
w
=
Ul
o)
"

1 14 8 8 8 8 S 8§ 8§ S S 8 8 8 S U UU
2 15 8 S S 8 S 8 S U U U
16 8 8 8 S U U U
3 14 8 8 S 8 U U U
4 16 8§ S 8 S 8 S 8§ 8 8S 8 U U U
5 18 S 8 s 8 S s 8 S 8 S U U U
18 U U U
6 16 S 8 S S S 8 8 8 U U U
7 13 C U U 8 8§ 8 8 S U U U
20 ¢ C C U 8 8 S S S 8 8 U U U
8 13 U S S 8§ 8 8 S U U U
9 18 ¢ 8 8 8 8 U U U
10 11 U U U U U U
11 U U U U U U
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a) cataphylls precede sporophylls in the annual set of
leaves;

b) formation of cataphylls may be minimized by
environmental conditions (26°C, both in short and in long-day
conditions), without decreasing the formation of sporophylls;

c) occasionally sporophylls that are already differen-
tiated can be transformed into cataphylls.

As the determination of a leaf as a sporophyll or as a
cataphyll results from processes that may or may not take
place simultaneously in the same bud and that, when they take
place in the same bud, may or may not be superimposed in the
same leaf, it 1s concluded that these are distinct processes.

¢) Effects of photoperiod and temperature on the

initiation of sporangia.

Data presented in Tables IX, X, XII, XIIT are summarized
in Table XIV. |

These data indicate that reactions of this plant to
photoperiod and temperature both for the determination of
cataphylls and for the determination of sporophylls are of
the quantitative type.

At 26°C cataphyll formation is scarce, irrespective
of the photoperiod, whereas sporophyll formation is abundant,
also irrespective of the photopériod.

At 17°C cataphyll formation seems to be stimulated by
short days, and sporophyll formation depressed.

The fact that, even in controlled conditions, the

annual succession of leaves 1s maintained shows that it is
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Table XIV

Effect of photoperiod and temperature on the differentiation
: of leaf primordia in Osmunda Claytoniana

Temperature 26°¢ 17°%¢

Photoperiod 2l hr. 8 hr. 2l hr. 8 nr.

Average # of

differentiated 8.1+1.4 5.9+1.1 12.9+1.8 7.2+1.8
leaves

average #
@w  per plant 0.5+0.4  0.340.7 2.1+0.5 4.h+1.1
—
2 % of the
2, average
8 # of qirr. 6% - 5% 16% 61%
8 leaves

average # ,
@  per plant 7.641.2  L4.9+1.1 10.8+41.7 2.8+0.9
—
,g % of the ,

average
& # of aiff. U 83% Bh% 38%
S leaves
n

(Errors given with the averages are standard errors of
of the mean)
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not yet possible to correlate these experimental data with
the observations made in plants developed in natural
conditions. The results of these experiments show trends
of variation of the two morphogenetic processes with
temperature and photoperiod. An exact delimitation of the
environmental requirements of these processes requires
additional experimental data that could not be obtained
within the time limits of this research.

There are two facts which suggest that the initiation
of sporangia in this species is stimulated by high tempera-
tures and long days.

The first is that this type of differentiation predom-
inates in the young leaves of the terminal bud at 2600, both
in continuous iight and in short (8 hour) days and at 17°C
in continuous light.

The second is that in plants grown at 26°C, in continu-
ous light, sporophylls are formed with all pinnae of the
frond, except the basal set, differentiated as fertile
pinnae (see figs. 6L, 65, 66). This is not the normal
condition in this species and shows an increment in the
initiation of sporangia along the individual sporophyll. In
these conditions some leaves display also, in the terminal
pinnae, abnormalities that éhow a mixed pattern of development

(fertile and sterile). (Fig. 67).

i« Behavior of Salvinia rotundifolia.

Living plants of this species were obtained from Florida

and cultivated in the Earhart Laboratory.
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Fig. 66. Osmunda Claytoniana. Plant with sporophylls
with all apical pinnae fertile.

. Osmunda Claytoniana. Plant with abnormal
tially differentiated as sporophylls,
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k&ccording to Sadebeck's review of the genus Salvinia (159)
this species should be Salvinia minima Baker (leaves almost
round and almost sessile). Since the key for determination
of Salvinia species in the above mentioned review makes use
of rather imprecise characters, it was necessary to consult
a more thorough taxonomical work. Hertzog's review (95)
satisfies this requirement and is based on a broad world
collection. According to this review the material used in
the experiments is Salvinia rotundifolia Willd. (tall
papillae (1-3 mm ), tapering in shape, with a terminal corymb
of 3-lL uniseriate hairs, with free end cells; papillae over
the surface of the leaf and not only in the margin, in rows
between the veins, furrowed adult leaves, lemon-shaped sori,
"sausage"-shaped placenta). In fact the two determinations
are not conflicting, since Salvinia minima Baker is now a
synonym of Salvinia rotundifolia Willd. Unfortunately the
numerous attempts made to obtain living specimens of
Salvinia natans for experiments failed repeatedly, but the
plants received dead made possible a morphological comparison
of the two Salvinias which confirm the fact that the plant
used in our experiments is not Salvinia natans.

Sglvinia rotundifolia is found in Tropical America, from
Mexico to Southern Brazil (95).

Figs. 68 to 71 show the main features of the plant. The
water leaves, where sori are developed, are basically
constructed according to the vascular plan of the floating

leaves (fig. 71), in spite of the absence of anastomosing
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Fig. 68. Salwinig
floating leaves.

rotundifolia.

Water leaf

and
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Fig. 7l. Salvinia rotundifolia. Leaf segments with
sori, in the axil of water leaf, showing several stages of
soral development. . _
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veins in the water leaves. The position of the sori thus
corresponds to that of the last dichotomies of the water

leaves.

a) Effects of continuous light at different temperatures.

As this species had never been studied before it was
necessary to investigate whether the behavior in continuoﬁs
light is uniform at different temperatures. The temperatures
referred to are air temperatures maintained by the air

conditioning system of the Earhart Plant Research Laboratory.

Experiment #11l. (October 30, 1955-April 8, 1956).

Effects of continuous light on the initiation of sporangla

at 30°C and at 26°C.

All plants ysed in this and in the subsequent experi-
ment are originated from a single sterile plant, as
cuttings. The original plant was grown at 30°C, 2L hour
light. 1In the nodes this plant develops many axillary buds
that grow at a relatively high rate, developing into
branches, with new leaves. The breaking of the stem between
the nodes allows an easy and rapid process of vegetative
propagation. The plants were floating in crocks containing
the Earhart Laboratory nutrient solution. Periodical
observations were made by removal of a random sample of 20
plants. As the plants grown at 2600, continuous light
(L00 ft. c.) were used as a stock from which plants were
taken for the other treatments, it was necessary to prolong

the observation of this treatment over a long period of time,
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in order %to be sure that the plants of the stock were not
induced to form sori. Results of observations are presented
in Table XV.

Therefore, at these temperatures, there is no initiation
of sporangia in continuous light.

Plants of 100 days of treatment showed some typical

calluses replacing the sori, as can be seen in fig. 72.

Experiment #12.

Effects of continuous light at 30°C, 26°C, 20°C and 17°C.

The source of the plants was the same as the one used
in Experiment #11l; at the time the treatments of this
experiment were started, Experiment #ll was not concluded
and the assumption was made that the original plant was not
induced to form sporangia. As this plant was kept at
BOOC, continuous light, the subsequent results of Experiment
#11 justify this assumption.

In this experiment plants were grown in the same
nutrient solution and in the same light conditions as in
the preceeding experiment, but at 5 different temperatures.
Results are presented in Table XVI.

These results indicate that the effects of continuous
light on the initiation of sporangia vary with the temper-
ature. The effects of continuous light at 17°C were

subsequently verified in:
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Fig. 72. Salvinia rotundifolia. 30°C, continuous
light. Right: Sterile water leaf. Left: Cell proli-
feration replacing fertile leaf lobe.
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Experiment #13. (March 5, 1957-June 10, 1957).

Eighteen plant cuttings, each with two floating leaves,
wefe taken from a stock at 26°C, continuous light and
cultivated in separate plastic containers perforated at the
bottom and placed in a stainless steel tray containing
Hoagland's nutrient solution. The nutrient solution was
renewed weekly. The tray was immersed in a water bath
maintained at such a temperature that the temperature of the
nutrient solution was kept at 17°C. This was achieved by
maintaining the water bath in a room in which the air
temperature was 7°C and by heating the water bath by means
of an electric heater controlled by a thermostat. The
temperature of the water bath was kept uniform by continuous
circulation maintained by a water pump immefsed in the bath.
A light fixture was suspended above the tray with two "warm

white"

GE fluorscent tubes and two incandescent bulbs,
giving a total light intensity of 500 ft. c. at the level
of the floating leaves. The air temperature just above the
leaves was 18°C.

After 88 days the plants were harvested and individual

leaves were observed under the dissectirng microscope. The

result follows:

# of plants with sori. . . . . . . 14 ( 78%)
# of plants without sori . . . . . L ( 22%)

These results confirm the fact that this plant is able

to initiate sporangia in continuous light at 17°C.
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b) Effects of short days at different temperatures.

"In these experiments days of 8 hours (sunlight) were

used,

Experiment #1l. (Wovember 19, 1955-January 23, 1956).

All plarits us:d in the experiment came from the stock
at 26°C, continuous light, and were cultivated in the
Earhart Laboeratory nutrient solution. Results are shown in
Table XVIT.

These results, taken together with those of the experi-
ments of growth of plants in continuous light at the same
temperatures, indicate a short-day behavior at 26°C and at
23°C and a long day behavior at 17°C. At 20°C the plant
initiates sporangia both in continuous light and in days of
8 hours, but initiation seems to be extremely slow in both
conditions, suggesting a double photoperiodical limitation

at these extreme photoperiodical conditions.

c) Effects of daily fluctuations of temperature.

Experiment #15. (November 19, 1955-January 23, 1956).

Plants of the stock at 26°C, continuous light K were used
for this experiment. The photoperiod was given with artifi-
cial light (500 ft. c.). The treatments and results after

65 days of culture are given in Table XVIII.
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Teble XVII

Effects of 8 hour photoperiods at different temperatures
on the initiation of sporangia in

Salvinia rotundifolia

# of plants %
Time of with sori in fertile
Temperatures Photoperiod treatment a sample of plants
20 plants
26°C 8 hours 65 days 1l 70%
23°¢ 8 hours oo 12 60%
20°¢ 8 hours noon 2 10%

17°¢ 8 hours " n 0 0%
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Table XVIII

Effects of daily fluctuations of temperature on the
initiation of sporangia in Salvinia rotundifolia
l?OC day temperature and variable

night temperature

# of plants % of

Day Night with sori in fertile
temperature Photoperiod temperature a sample of plants
20 plants

17°¢C 8 hours Loc i .70%
17°C 8 hours 7°¢ 19 95%
17°¢C 8 hours 10°¢ 16 80%
17°C 8 hours 14°¢ 0 0
17°C 8 hours 17% 0 0
17°¢ 8 hours 20°% 13 65%
17°C 8 hours 23°% 0 0
170C 8

hours 26°¢ 0 0
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Experiment #16. (November 19, 1955-January 23, 1956).

Plants of the same source as those of the. preceding
experiment were used. The same photoperiod was used, but
phototemperature was varied with a constant night tempera-
ture (17°C).

Results after 65 days of treatments given are shown in
Table XIX.

Results of these two experiments are summarized in

fig. 73.

Experiment #17. (February 2, 1956-April 6, 1956).

The plants used came from the stock at 2600, continuous
light and, in all treatments, were given days of 8 hours
(sunlight), followed by nights of 16 hours at different
temperatures, as indicated in Table XX, where results of 65
days of culture in these conditions are given.

These results indicate that 1ongAnights cease to be
effective for photoperiodic induction below 20°C. Compari-
son of these results with those of Experiment #1l5 suggests
that the effects of long nights at low temperatures (7°C,
10°C), which are stimulatory for the initiation of sporangia
when these cold nights alternate with short days at 17°C,
are destroyed at 26°C.

The above results of experiments with Salvinia
rotundifolia show that this plant is a favorable object for
research on the induction of the initiation of reproductive

structures, since the same plant displays a short-day process,
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Table XIX

Effects of daily fluctuations of temperature on the
initiation of sporangia in Salvinia rotundifolia
l?oC night temperature and variable

day temperature

# of plants % of

Day Night with sori in fertile
temperature Photoperiod temperature a sample of plants
20 plants
11°c 8 hours 17°cC 0 0
7°¢ 8 hours 17°¢ 12 60%
10°c 8 hours 17°%¢ 1 5%
14°¢ 8 nhours 17°¢c 0 0
17°¢ 8 hours 17% 0 0
20°¢ 8 hours 17°%¢ 15 75%
23°¢ 8 hours 17°¢ 0 0
26°¢ 8 hours 17% 0 0
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Table XX

Effects of night temperature on the initiation of
sporangia in plants of Salvinia rotundifolia

grown in 8 hour photoperiods at 26°C

# of plants % of
Day Night with sori in fertile
temperature temperature a sample of plants
20 plants
26°¢ 26°c 13 65%
26°¢ 23 5 25%
26°¢ 20°¢ 2 10%
26°¢ 17°¢c 0 0
- 26°%¢ 14°%¢ 0 0
26°¢ 10°%C 0 0
26°¢ 7% 0 0
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a long-day process and thermopericdical processes.

5. Behavior of Regnellidium diphyllum.

This plant is an endemic South American Marsiliacea
(66, 121). The time of ripening of the sporocarps under
natural conditions is reported as being from September to
November (162). There are no available records in the
literature as to the time of initlation of sporocarps, but,
judging from oﬁr‘results in the culture of this plant, it is
safe to estimate that 1-2 months are needed for development
of the sporocarp from initiation to ripening. This would
place the time of initiation of sporocarps in the months of
June and July. In the climate of the small area of natural
occurrence of this species this is the season with relatively
short days and with the lowest annual temperatures (140).

A recent investigation by Bloom and Voth (31) hés shown
that culture of this plant for 21 days, both in short-day
conditions (days of 8 hours) and in long-day conditions
(days between 13 hours 5l minutes and 1l hours L0 minutes),
in a nutrient solution especially devised for the plant,
always failed to induce the initiation of sporocarps.,
Comparison of this result with the production of sporocarps
in plants growing in shallow water (4O mm layer of water
above the soil), at the same time of the year, has led these
authors (31) to assume that the failure of experimental
plants to produce Sporocarps was due to the fact that their

experimental plants were grown in relatively deep water
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layers (140 mm). - Lindmenn had already observed (121) that
sporocarps are»only produced in leaves that are developed in
shailow water, which have shorter petioles and smaller
leaflets than those developed in deeper water. The same
fact was reported for another Marsiliacea, namely Marsilia
quadrifolia (16l), but it was experimentally shown by
Shattuck (16l) that the maximum depth of water in which
Marsilia quadrifolia initiates sporocarps depends on the
conditions of exposure of the culture tanks to sunlight,
being about 12 cm in diffuse light and 20 cm in direct
sunlight‘under the conditions of this author's experiments.
Therefore the effect of the depth of the water is not yet
clearly established as an independent one and it is reason-
able to assume that this may actually be a temperature
regquirement.

It is pertinent to this work to note that in Regnellidium
each leaf has an axillary bud, which is prevented from
immediate development by the apical dominance of the terminal
bud (31). As soon as this effect ceases the lateral buds
develop into branches, leading to a very ramified rhizome
(121). This feature facilitates the vegetative propagation
of the plant and is also of interest for the study of the
initiation of sporocarps, since in our experiments we never
observed the initiation of sporocarps in leaves of the main

axis, but always in the leaves of the lateral branches (see

fig. T4).
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FPig. T4. Photograph of plants of Regnellidium
diphyllum. Cultivated at ZOo/lu C, 10 hour photoperiods.
The sporocarps are found only in axillary branches.
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Experiment #18. (January 22, 1957-March 2, 1957).

Twenty duttings with two adult leaves were taken from
a sterile plant cultivated in mud, in a plastic container,
and kept in a greenhouse at the Earhart Laboratory at 26°¢
from 8:00 a.m. to Lp:oo p.m. and at 20°C from L:00 p.m. to
8:00 a.m. Cuttings were also planted on mud covered with
deionized water (depth of water layer L cm). They were
divided in twd groups. Group I (10 plants) was placed in a
greenhouse in which air temperature is maintained at 17°C
from 8:00 a.m. to 4100 p.m. and at 11°C from 4:00 p.m. to
8:00 a.m. The total daily period of light was of 16 hours
(8 hours of sunlight and 2 artificial light supplements
after [;:00 p.m. and before 8:00 a.m.). Group II was placed
in another greenhouse, where air temperature was maintained
at 26°C from 8:00 a.m. to L:00 p.m. and at 20°C from
4:00 p.m. to 8:00 a.m. The photoperiod was the same as in
the case of group I and given similarly.

The plants at 26°/20° developed very well, whereas
those at 17°/11° showed poor vegetative development. After
I8 days (March 11, 1957) plants of group I were transferred
to the same conditions to which plants of group II had been
exposed all the time. Table XXI and fig. 75 present the
results of periodic observations.

Therefore a preliminary period of U8 days in relatively
low.témperature, in long days, can induce plants to initiate
and develop sporocarps at relatively high temperatures, at

the same photoperiod.
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Since the low temperature treatment in this experiment
was givenbas a daily thermoperiodicity with both temper-
atures at a relatively low level, it was neceséary to
investigate whether the same effect could be obtained by
growing the plants for a period at constant low temperature
and transferring them to the 26°/20° daily thermoperiodicity.

This was attempted in the following experiment.

Experiment #19. (April 12, 1957- July 11, 1957).

Twenty cuttings each with two leaves were taken from
stérile plants grown at 260/200, 16 hour photoperiods, as
in the preceding experiment and cultivated in plastic
containers, on mud and with deionized water added, at
IOOC, 16 hour photoperiod, for 60 days. After this t ime
(during which no sporocarps were observed) the plants were
transferred to a greenhouse, where they received 26°C from
8:00 a.m. to L4:00 p.m. and 20°C from L4:00 p.m. to 8:00 a.m.,
and 16 hour photoperiod (8 hours of sunlight and 8 hours
artificial light). In these conditions formation of sporo-

carps was observed as follows. (See Table XXII and fig. 76)

Experiment #20. (January 22, 1957-April 17, 1957).

Ten cuttings with two leaves were taken from sterile
plants growing at 26°/20°, 16 hour photoperiod, as explained
in the description of Experiment #19, and cultivated in a
greenhouse in which the air temperature was maintained at

20°C from 8:00 a.m. to t:00 p.m. and at 14°C from L:00 Dol



-136-

Table XXII

Effects of seasonal thermopericdicity on the production

of sporocarps in Regnellidium diphyllum

Days at 26°/20°, 16 % of plants with
hours photopericd, sporocarps
Dates after 60 days at

10 C

June 21 10 0

June 26 15 0

July 1 20 20%

July 6 25 50%

July 11 30 90%
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response to low temperabure treatment and subseguent
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to 8:00 a.m. The photoperiod was the same as in the other
greenhouse (16 hours) and given in the same manner. Results
of periodic observations are given in Table XXIII and in
fig. 7. |

These results show that by a 3°C increase in the day
and night temperatures, above those used in Experiment
#18, it is possible to obtain simultaneously the induction
of the initiation of sporocarps and their development. In
this case, again, sporocarps were developed only on the
lateral branches.

The effects of the daily periodicity at 20°/1L°, as
described in Experiment #20 are more accessible for study
than those of Experiment #18, since in the first case both
initiation and development can be obtained in a single‘
treatment. In order to study the effects of photoperiod in

this 20°/1L° thermoperiodicity, the following experiment

was set up:

Experiment #21. (April 12, 1957-June 6, 1957).

Ten cuttings were made each with two leaves, from
plants growing at 26°/20°, 16 hour photoperiod, as explained
for Experiment #18, and grown in the same thermoperiodicity
used iniExperiment #20. The photoperiod given, in this
experiment, was of 8 hours and was made to coincide with the
period at 20°c, by covering the plants at 4:00 p.m. and
uncovering at 8:00 a.m. Therefore the whole period at 14°C
was spent in darkness. Results of periodical observations

are given in Table XXIV and in fig. 78.
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Table XXIITI

Effect of the daily thermoperiodicity 20°/14°C on

‘the production of sporocarps in Regnellidium

diphyllum, in long-days

Days of % of plants

Dates treatment with sporocarps
Feb. 1 10 0
Peb., 11 20 0
Feb. 21 30 0
March 3 e} 0
March 15 52 10%
April 1 69 140%
April 3 71 50%
April 6 on 60%
April 9 77 70%
April 10 78 80%
April 12 80 90%
April 17 85 100%
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Table XXIV

Effects of the daily thermoperiodicity 20°/14°C on
the production of sporocarps in Regnellidium

diphyllum, in short days

Days of | % of plants

Dates treatment with sporocarps
April 22 10 0
May 2 20 0
May 12 30 0

May 20 38 0
May 28 45 1,0%
June 2 5o ‘ 70%
June 3 51 80%
June g 53 90%
June 6 sl 100%
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These results, compared with those -of Experiment #20
show a considerable promotion of the process of formation
of sporocarps by the lengthening of the dark period at
lhoC. This fact suggested the possibility that formation
éf sporccarps might be dependent on a dark process, which
would be more efficient at low temperatures. The fact that
the time courée of sporocarp formation is similar in
Experiments #18 and #20, where the dark period at low
témperature has the same duration, is consistent with this
view. In order to make this study possible it is necessary
tc know 1if there is any induction of the initiation of
sporocarps at 20°C, in short (8 hour) and in long (16 hour)

days. This was tested by:

Experiment #22. (May 8, 1957-July 31, 1957).

Twenty cuttings were taken, with two leaves each,
from plants growing at 260/200, 16 hour photoperiod, as
explained in Experiment #18, and grown, in the already
described manner (plastic containers, with mud and l cm
water layer), at 20°C. One group of plants received 8
hour photoperiods (natural light) and the other, 16 hour
photoperiods, by 8 hour supplementary artificial light
(LOO ft. c.). Results are given in Table XXV.

These results show that, in the experiments in which
the formation of sporocarps is induced in the daily thermo-
periodicity 20°/14° the inductive factor must be sought in
the processes that take place at 14°C or in the daily

temperature change.
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Table XXV

Effect of photoperiodism at 20°C in the production

of sporocarps in Regnellidium diphyllum

Days of % of plants
Dates treatment with sporocarps
8 hour 16 hour
photoperiod photoperiod
May 18 10 0 0
May 28 20 0 0
June 7 30 0 0
June 16 Lo 0 0
June 27 50 0 0
July 7 60 0 0
July 17 70 0 0
July 31 | 8L 0 0
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The results of Expefiments #18 and #19 show that
sﬁorocarps are not developed during the low temperature
treatment. This indicates the existence of two partial
processes, one which takes place in low temperatures
(induction of axillary buds) and one which takes place at
higher temperatures (20°C, 26°C). Further experimental
studies are required in order to ascertain: a) whether
both treatments are required for sporocarp initiation or
if the second process is merely a requirement for speeding
the development of the axillary budsj b) whether the
induction at low temperatures is photoperiodically dependent

(in a qualitative or in a quantitative manner) or not.
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PART V
CONCLUSIONS

1. Initiationiand development of sporangia are
potentially possible in many areas of the fern organism.,

2. Initiation and development of sporangia may be
arrested in several stages, leading to a replacement of
sporangia by a variety of alternative differentiations
(cell proliferations, paraphyses, sporangiasters, vegetative
buds and aposporous prothalli).

3. The general types of behavior of Angiosperms, as
regards the effects of climatic factors on flower
initiation--short-day pattern, long-day pattern, thermo-
periodical patterns--are extended to the initiation of
sporangia in the species studied.

L. Initiation of sporangia in the fern species
studied was found to be interlocked with other morpho-
genetic processes, such as heteroblastic development of

leaves, vascular tissue differentiation, development of

axillary buds and correlations between leaves.
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PART VI
DISCUSSION

The fact that the usual site of initiation of sporangia
ih ferns is the leaf ties the problem of morphogenesis of
.sporangia to studies of leaf morphogenesis. In particular,
since ordinarily only leaves of adult plants produce sporan-

gia, the initiation of these organs in leaves may be con-

sidered as a special aspect of heteroblastic development of
leaves. And, since it has been shown that there is é cor-
relation between the initiation of sporangia and leaf veins,
this aspect of the problem brings into discussion the

interrelations between initiation of sporangia and the dif-

ferentiation of wvascular tissues.

Finally, since photoperiodic and thermoperiodic treat-
ments were found to affect initiation of sporangia in some
species of ferns, initiation of sporangia becomes connected

with the general field of developmental effects of photo-

periodism and thermoperiodicity.

This discussion is an attempt to connect the facts
discovered with the general picture of these correlated
fields of developmental physiology, with the purpose of

deriving perspectives for further research.

- Initiation of sporangia and the differentiation of

vascular tissues.
The study of the differentiation of vascular tissues

was started by cataloguing the variety of manners by which
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such tissues can be built in vascular plénts. As this
vafiety was found to be very rich, particularly among ferns
and Pteridophytes in general, the interest shifted to the
origin of such strubtures. No matter how different they are
in adult form and in position, vascular tissues have the
cormon trait of being derived from undifferentiated apical
meristems. Therefore it was natural that the causes of
~their differentiation should be sought in such meristems.

This approach was strengthened by the observation that
the decapitation of the stem apical bud can cause correla-.
tive effects, such as the development of resting buds in
the roots (Ophioglossum) or in the stems (Botrychium,
Eéuisetum, Lycopodium, Osmunda) (194). Some facts pointed
also to a correlative influence of the terminal bud of
the stem, not by maintenance of apical dominance, but by
directing development of organs of undetermined nature.
This was found to be the case of the angle meristems of
Selaginella, for instance. If the shoot apex is left, these
meristems will eventually develop into rhizophores and the
same happens as soon as the shoot apex is decapitated and
replaced by a lanocline smear containing IAA. If there is
only stem decapitation the angle meristem develops as a
shoot, not as a rhizophore {(193).

As early as 1915, the possibility was considered that
vascular differentiation might be affected by the organiz-
ing effect of the basal, preformed, vascular tissue, as well

as by the inducing effect of the apical meristem (194).
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However, the emphasis was placed on the effects of the

. meristem when it was observed that the vascular tissue of
growing lateral buds develops as an isolated gréup, that,
later on, merges with the stem system. We have already
pointed out that this is the case with the adventitious
‘leaf-buds of Asplenium bulbiferum.

Experiments in which the apical meristem was isolated
by incisions in planes parallel to the growth axis of the
stem have shown that, in these conditions, the apical
meristem differentiates an isolated group of vascular tis-
sue (181, 182, 183). These results led Wardlaw to the
view that differentiation of vascular tissues depends on
the basipetal diffusion of substances produced by the
apical meristem and that supply of water and of nutrients
to the apical meristem takes place through the pith cells
and "the thin layer of incipient vascular tissue" upon
which the apical meristem resides.

Furthermore Gautheret (82) has obtained xylem and
phloem differentiations in cambium tissue culfures and
this type of differentiation has been observed in several
successive subcultures. Camus (47) has shown that buds
can induce incipient vascular differentiation in calluses
upon which they are grafted. Ball (25, 26) and Wetmore
(189), have obtained regeneration of complete plants from
cultured inoculi consisting of pieces of the meristematic
region of the shoot apex.

Although these experiments are very suggestive of a
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vascular inducing capacity of the shoot apex, they do not
exclude the possibility of an effect of the previously
differentiated vascular tissues. The first resﬁlt in which
differentiation 6f vascular cells was clearly shown to

take place in the complete absence of inclpiently dif-
ferentiated éells in the inoculum was observed by Morel and
Wetmore (139) in tissue cultures of spores of Osmunda
cinnamomea. Another approach to the problem of vascular
tissue differentiation is represented by a series of
studies on the regeneration of cut vascular strands in sub-
apical internodes.

Sinnott and Bloch (166) observed that the vascular
regeneration 1n Coleus is basipetal, frequently in an
oblique direction, across the pith, and that the path of
the new bundle is first indicated by the planes of the walls
of the dividing pith cells and by the patterns of the lig-
nin bands in their walls. The observation of these pat-
terns, which start as granular cytoplasmic condensations
in the cell walls, indicates an alteration of cell polarity
as the first perceivable sign of vascular differentiation.

Jacobs (100) established, in Coleus sub-apical inter-
nodes, that defoliation and de-budding only affects the
predominantly basipetal xylem regeneration when the sup-
pressed parts are distal to the wounded area and that this
effect is maximal after stem decapitation. Wardlaw (180)
had also established that systematic destruction of leaf

primordia stops vascular differentiation in fern stem
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apices. These results suggested to Jacobs the hypothesis
that auxin is the limiting factor in Xylem regeneration
(100). Jacobs was able to show that physiological con-
centrations of IAA, applied to decapitated stems, quanti-
tétively restore xylem regeneration (100). Furthermore it
was possible to establish that the number of regenerated
xylem strands 1s proportional to the amount of IAA trans-
- ported in the tissue (acropetally and basipetally). The
limiting factor in xylem differentiation appears to be the
auxin transport capacity of the internode (101).

Subsequently Wetmore and Sorokin (190) were able to
confirm Camus' results with bud grafts on callus tissue
cultures and show, by control experiments with NAA, that
auxin alone, in convenient concentrations, can induce
tracheidal differentiation in such calluses. It was re-
marked however, that such induced tracheids do not show
any organization resembling stem procambium (as was also
the case in Camus' experiments).

Ball (27) was able to obtain differentiation of the
tracheids in callus tissue cultures of Sequola sempervirens
and to show that different sugars supplied to the medium
were not equally effective in tracheidal differentiation.

Moreover, when sugars are given as Clu—labelled compounds

the Cl}'L is found to concentrate in the nodules8 where
tracheids are differentiated. This result can be inter-
preted as meaning that differentiation of tracheilds is

hormonally controlled by other regions of the callus (27).
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Jensen (102), considering the evidence that eugenol 1is a
probable intermediate in lighin biosynthesis, that this
biosynthesis requires a peroxidase system and that one such
system has been shown by Galston to be enhanced by IAA,
Studied the correlation betWeen JAA-induced peroxidase

and lignin synthesis in roots of Viecia faba. Several re-
gions (root cap, proepidermis, provascular tissues) were

found to have peroxidase activity but the IAA-induced

peroxidase activity was found only in the vascular tissue
cells. If the root tips are incubated with IAA (induction
of peroxidase activity) and sections of such tips incubated
with eugenol and H202, formation. of compounds, intermediates
in lignin biosynthesis is observed.

The above-mentioned results, taken together, clearly
establish that the basipetal differentiation of vascular
tissue of the xylem 1is induced by the basipetal diffusion
of TAA from the apical meristem.

Coming back to the correlation between the initiation
of sporangia and the vascular tissues of the leaf, we must
note first that the initiation of sporangia is simul-
taneous with the differentiation of the vein ends behind
them. In highly compound leaves it is clear that before
these vein-ends differentiate, the whole vascular system
of the older leaf parts is differentiated. This is par-
ticularly easy to observe in Anemia (Euanemia), where
the vascular systems of pinnae of 1lst, 2nd and 3rd order

is differentiated before differentiation of sporangia.
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Differéntiation of the latter start simultaneously with
differentiation of the vascular tissue of the L4th order
pinnae. Also in Asplenium bulbiferum the vaséuiar connec-
tion between the adventitious bud and the adult leaf is
fdrmed,before the bud produces sporangia in its leaves.
Nevertheless, at the sub-marginal region of the developing
fertile pinna of the sporophylls of the bud the ultimate
vein ends and the sori differentiate simultaneously.

These facts suggest the following working hypothesis:
acropetal stimuli from the adult leaves, carried by the
veins and diffﬁsed through the undifferentiated cell path
between the vein and the leaf margin stért the initiation
of sporangla; the sporangial meristems produce basipetal
auxin gradients, which, in turn, stimulate vascular dif-
ferentiation behind them.

The fact that, in many ferns, the sorl occupy a
definite position relative to some veins, but not to all
veins (as can be seen clearly in Phyllitis scolopendrium)
shows that the morphogenetic mechanism involved in these
correlations is not a simple and direct one. This question
can be attacked by developmental and experimental studies,
using as objects the leaves of ferns that show special
vascular differentiations peculiar to the sporophylls. Such
is the case in Blechnum occidentale, where vein commissures
parallel to the midrib are found only in the fertile leaves.
Another favorable object is Pleopeltis, where tracheidal

plexuses are found behind the sori. If such structures are
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determined by the sporangia, they should be suppressed by
early suppression of the sporangia.

On the other hand, Asplenium bulbiferum opens the
possibility of graft experiments. If sterile adventitious
buds can be grafted successfully on long-day leaves, they
shdﬁld develop sporangia in their leaves and the control
grafts in leaves kept 1in 23 hour nights in 48 hour cycles
at QOOC(non—inducing conditions for the species) should
not initiate sporangia in their leaves.

Besides the grafting experiments, adventitious buds
can be cultivated in sterile nutrient agar. We know al-
ready that, after isolation from the leaf of the adult
plant, such buds do not produce sporangia in their leaves
for a long period, even»under favorable photoperiodic con-
ditions. Therefore, it is possible to try té replace this
preliminary development by chemicals added to the basic
mineral medium, both in favorable photoperiodic conditions

and in inhibitory long nights.

Initiation of sporangia and heteroblastic development

of leaves.

The fact that leaf shape, in many plants, changes
thrqughout development (heterocblstic leaf development) was
known for a long time, but understanding of the phenomenon
started with Goebel's physiological interpretation (88),
according to which: a) juvenile leaves are leaves arrested
in their development; b) this arrest is caused by nutri-

tional deficiencies during leaf development. Recent in-



-155-

investigations (4, 6, 7, 8, 189) have shown that Goebel's
theory is essentially sound, although it needs to be com-
pleted with additional information, referring to other
aspects and to mechanisms involved in heteroblastic leaf
develqpment.

As early as 1906 Diels (in 184) observed that conditions
that promote flowering also promote progressive hetero-
blastic development of leaves in some species. This was
also found by Harder and Witsch (in 184) to be the case
in Kalanh8e Blossfeldiana. In this plant short days have a
dual effect. They cause both flower initiation and changes
in vegetative characters (such as increase in leaf thick-
ness and shortening of stem internodes). All of these ef-
fects were shown to arise as a consequence of the photo-
periodic treatment and it was found to be possible to limit
such effects to restricted areas by limiting the area aﬁd
the position of the photoperiodically treated parts (91).
It is yet an open question whether these vegetative effects
justify Harder's working hypothesis of a specific hormone--
metaplasin--but there seems to be little doubt that these
heteroblastic photoperiodic effects are of a correlative
nature. Photoperiodically induced changeskin leaf shape
were also observed by Sen Gupta and Santish (163).

Studies éf Ashby (15,16) and of Ashby and Wanger-
mann (17) led to the interpretation of heteroblastic de-

- velopment as being caused by aging of the apical meristem.
This aging effect would involve correlation phenomena

between the older leaves and the apex and between the
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older'leaves and the younger leaves,

Another view, emerging from the study of heteroblastic
development of leaves of Acrostichum danaefolium, was pre-
sented by Crotty (58). It was observed in this plant that
the progressive heteroblastic development coincides with
a progressive delay in the time of the beginning of the
differentiation of successive leaf primordia and coincides
also with a progressive increase 1in size of these primordia
before differentiation of pinnae. These facts are inter-
preted as due to the opportunity which the leaf primordium
has to accumulate metabolites and growth factors before the
beginning of differentiation. Correlations are also in-
voked, between older leaves and primordia in differenti-
ation, leading to a conception of development as a sort of
feed-back mechanism. Some of these interesting interpre-
tations might be checked by chromatographic studies of
successive leaf primordia, a method already in use for
apical meristems (3, 5, 173, 174). Such studies should
make use of chemical methods, as well as of biloassays, in
order to test and identify the chromatographic fractions.

An interpretation of heteroblastic development, pro-
posed by Alsopp (8), offers some similarities to Crotty's,
but the size factor invoked by Alsopp refers to the apical
meristem, not to individual leaf primordia. It is noted
also that progressive heteroblastic leaf developmént co-
incides with progressive increase in the size of the stem

apex; that reversion to juvenile stages coincides with a
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decrease in size of the apex and that in the lateral buds
(which often develop juvenile leaves) the apices are smaller
than in the main axis.

Summarizing, we may say that heteroblastic leaf
development involves a nutritional aspect (that may refer
to the stem apex or to the individual leaf primordia) and
a correlative aspect. Effects of environmental conditions
may affect both sides of the question.

If now we apply this general information to the special
case of the heteroblastic development of leaves of Asplenium
bulbiferum, it is immediately apparent that the stimulatory
effects of long days on progressive changes in leaf shape
and on the rate of initiation of sporangia are the long-day
counterpart of the dual effects of short days observed in
Kalanchoe Blossfeldiana.

Asplenium bulbiferum is a very favorable object for
the experimental study of heteroblastic leaf development;
the rhizome apex is relatively large and the apices of
adventitious buds can be grown aseptically for pharmaco-
logical investigations on leaf development. The possibility
that so=-called "ripening process" for the initiation of
reproductive structures and for the development of the
mature type of leaf would be the fulfillment of a nutri-
tional requirement of the apical meristem (morphologically

expressed by its size) can be tested in this plant.
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Determination of cataphylls.

Another aspect of leaf development that usually
displays a periodic character is the formation of cata-
phylls. This type of leaf differentiation can be found in
many Angiosperms and Gymnosperms and in some ferns (33,
169).

The cataphylls of Osmunda cinnamomea have been studied
by Steeves and Wetmore. These authors have observed, in the
conditions of the climate of Massachusetts, the same
sequence of leaf types found by us in Osmunda Claytoniana
growing in natural conditions in Michigan and in controlled
conditions in the Earhart Laboratory. Cataphyll formation
was also found to progress acropetally in the rhizome, but
in Osmunda cinnamomea, it usually stops abruptly. It was
remarked that processes that lead to cataphylls seem to be
in opposition to those that lead to sporophylls (169, p.353);
incomplete sporangial differentiation in fertile leaves was
also observed. The experimental results of these authors
indicate that cataphyll formation may depend on the activity
of the adult leaves and that there may be an acropetél dis=-
placement of the leaf types upon defoliation.

In Osmunda Claytoniana cataphylls can be characterized
by the following features:

a) living leaf base and necrotic pinna region (crozier)

b) laterally expanded leaf base

¢) necrotic pinnae have shapes and sizes that coincide

with those of various stages of undifferentiated
leaves and with those of several stages of young

differentiated leaves, up to fertile pinnae with
completely organized sporangia.
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The observations of Steeves and Wetmore (169} on
cataphylls of Osmunda cinnamomea show that in this speciles
the process of "cataphyllization" of undifferentiated
leaves goes much faster than in Osmunda Claytoniana, so
that,the undifferentiated leaves are caught by this process
much before they develop their pinnae.

Since cataphylls were not observed by these authors in
plants collected in Honduras, where much higher temperatures
prevail, it is probable that in Osmunda cinnamomea also
formation of cataphylls may be inhibited by high tempera-
tures. It should be possible to force plants of Osmunda
cinnamomea to form cataphylls more slowly by a moderate
raise in temperature; under such conditions it will perhaps
be possible to obtain the same overlapping of cataphylliz-
ation and sporophyll formation that we have observed in
Osmunda Claytoniana at .17°C.

Steeves and Wetmore (169) report that "cataphylls are
capable of developing in the absence of any expanding or
mature fronds on the plant." WNo doubt the results of their
experiments are very suggestive, but it seems to us that it
would be desirable to reserve the term "cataphyll" to those
leaves that have already a necrotic crozier. In these the
crozier is dead and cannot be revived. What is established
by Steeves' and Wetmore's experiments is the possibility of
development of perspective cataphylls or of cataphylls that
are incompletely determined as such. This indicates the

existence of an active process that checks the development
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of perspective cataphylls until the crozier becomes
completely necrotic. Since the preliminary results of
Steeves and Wetmore (169) indicate that this prbcess
involves a correlation between adult leaves and leafl
primordia, it would be interesting to_know whe ther photo-
periodism and temperature can affect this correlation.

On the whole our results with respect to cataphyll
determination in Osmunda Claytoniana agree with Goebel's
views that cataphylls are leaves arrested in the young
stage.

The situation seems to be different in the determin-
ation of cataphylls of Angiosperms, since Foster (71, 75,
76, 77) has established thét their determination takes
place much earlier and in fact in the primordia. It would
not be too surprising if this difference in behavior in the
different groups of vascular plants is substantiated by
further research, since it was already shown by Wetmore
(189) that, for the regeneration from meristems, there are
differences between the two plant groups. What seems to be
common to these types of cataphylls is the fact that they
are determined, to a certain extent, by the environmental
conditions which prevail in the course of leaf development.
Whether the effects of these conditions become visible very
early (as in Angiosperm cataphylls), or later (as in Osmunda
cinnamomea), or very late, after pinnae differentiation
(as it happens in Osmunda Claytoniana) it seems to be a

matter of relative rates of different morphogenetic processes.’
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Further progress in the study of Cataphyll determi-
nation in Osmunda can be obtained by a systematic study of
Osmunda Claytoniana; In this respect it is ésséntial to
obtain infgrmation on the environmental conditions that
détermine cataphylls, on the correlative naturé of the
process and 6n its light dependence. The contrast of re-
sults of studies with whole plants in controlled conditions
with the results of environmental treatments applied to
excised leaf cultures by the technique of Sussex and
Steeves (176), should also make clear whether the inhibi-
tion of leaf primordia, of undifferentiated leaves and of
already differentiated young leaves involves only cor-
relative effects with adult leaves or environmental effects
on the developing leaf itself.

One of the yet unsolved problems of cataphyll deter-
mination lies in the fact that Osmunda Claytoniana 1s a
perennial plant. If short days and low temperature were
the only factors involved in the determination of cata-
phylls the plant would be a summer annual, since all leaf
primordia would be "cataphyllized" in the fall. Other
requirements must exist for cataphyll determination. It
.is possible that correlation effects with adult leaves and
with the terminal meristem of the rhizome would respectively
promote and inhibit the processes that lead to the cata-

phyllization of young leaves.
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Initiation of sporahgia and the physiology of development.

Our studies of effects of environmental factors on the
initiation‘of sporangia show that of the species of ferns
investigated, the most interesting is Salvinia rotundi-
folia. This fern displays a combination of features
which are unique. Both photoperiodic and thermoperiodic
processes, are involved in the initiation of sporangia.

In addition the photoperiodic processes show a qualitative

change with temperature.

There are a number of results reported in the litera-
ture in which photoperiodic processes have been shown to
be modified by temperature conditions. The simplest cases
of such a modifying effect of temperature are represented
by those in which the efficiency of the photoperiodic reac-
tions, particularly of the dark period, are found to have
a temperature dependence. Thus, it was shown by Garner
and Allard (81) that the time required for flowering by
some varieties of soybean, planted in Washington, all at
the same time of the year, in different years, varies
and these variations showed correlation with the tempera-
ture conditions in the different years. Further studies
by Parker and Borthwick (145) have shown that the important
temperature differences are those of the dark periods and
that, although the effects of a 16-hour dark period varies
with the temperature of the dark period (nyctitemperature),

8 hours dark periods are always ineffective for flower
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induction, no matter what nyctitemperature is used. Simi-
lar results were obtained with the short-day plant Xanthium
pennsylvaniéum (93, 124), and the most significant effects
were found to be those due to temperature of the leaf dur-
ihg the dark period (i46). Roberts and Struckmeyer (157)
grew several species in two separate greenhouses, in which
the nyctitemperatures were kept close to 14°¢ and to 20°C,
respectively. A species of Salvia was found to require
short days to flower at the lower nyctitemperature and
failed to flower, both in short days and in long days at
the higher nyctitemperature. White clover showed long-

day requirement for flowering at the lower nyctitemperature
and no flowering (in short, nor in long days) at the higher
nyctitemperature. A species of Cleome, which behaved as

a short-day plant at the higher nyctitemperature failed to
flower both in short days and in long days at the lower
nyctitemperature. Evans (67) found that the quantitative
long-day plant Viclia faba, when grown in the Earhart
Laboratory in short (8 hour) photoperiods, with daily
thermoperiodicities at different levels, flowers faster
when the level of the thermoperiodicity is decreased. The
results of changing the nyctitemperature in the case of
Xanthium pennsylvanicum (146) show that the effect of the
long night induction can be decreased both by excessively
low and excessively high nyctitemperatures. On the other
hand, even at relatively constant nyctitemperature, there

is an optimal duration of the dark period for the induction
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of flower initiation in this plant (122). This last fact
can be interpreted in several ways (122), but, in general,
1t shows that not all processes that take place during
the dark period are favorable to flower initiation. There-
fore it is undefstandable that too low nyctitemperatures
can limit the fate of the promotive processes and too high
nyctitemperatures can increase the rate of the destructive
processes, whether they are simultaneous or not. It is
conceivable that the minimum and maximum nyctitemperatures
would not be the same for all plants, even in the short-day
class. Thus the results of Roberts and Struckmeyer with
Salvia might be due to too high nyctitemperatures and those
with Cleome to too low nyctitemperatures. On the other
hand it is known that one of the limiting factors for the
flowering of long-day plants is a destructive process that
takes place during the dark period (117). It is there-
fore conceivable that an increase in nyctitemperature, for
these plants, would increase the rate of this process, thus
producing detrimental effects on flower initiation. This
could explain the results of Roberts and Struckmeyer with
white clover and Evans' result with Vicia faba.

| The behavior of Asplenium bulbiferum at 2000, in our
experiments, with a critical long night of 23 hours in
48 hour cycles and its quantitative long-day behaﬁior in
24 hour cycles could be due to the fact that 20°C is suf-
ficiently 1dw temperature to make the detrimental dark

process slow enough to require extremely long times to be



~165=

effectivé; If this interpretation is correct, the plant
should possess a shorter critical night length at higher
temperatures.

In all the preceding attempts of interpretation of the
éxperimental results reported, the explanations suggested
must be tested by quantifative studies in temperature
controlled conditions. All that may be said at the moment
is that the results do not contradict this interpretation,
so that it can be kept, for the time being, as a useful
working hypothesis.

Roberts and Struckmeyer (157) report that Maryland
Mammoth Tobacco behaves as a short-day plant at the higher
nyctitemperature (flowering only in days of approximately
9 hours), but flowers also in long-day conditions at the
lower nyctitemperature (the plants received a supplement
of 30-80 ft. candles of light "from before sunset until
midnight"). On the other hand the Klondike Cosmos, var.
"orange flare," that flowered only in short days with the
lower nyctitemperature, flowered also in the above described
long-day conditions at the higher nyctitemperature. As the
authors did not conduct experiments with the same plants
in continuous light at different temperatures (a fact that
is understandable because air conditioning facilities for
greenhouses were not available at the time these pioneer
experiments were done), all we can conclude is that under
the conditions of these experiments, there was a shortening

of the critical long night for these plants, with increase
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of the nyctitemperature. Reath and Wittwer (152) have
observed that with 16°C nyctitemperatures "Alaska" and
"Supprise" peas are day neutral, whereas with iOOC nycti-
temperatures these forms behave as quantitative long-day
piants.

Good examples of changes in photoperiodic behavior
with temperature have been observed in the Earhart Labor-
atory in which day and night temperatures may be controlled.
Thus Went (187) found that Marshall strawberries (Fragaria
virginia-na X F. chiloensis) behave as short-day plants
at temperatures above 10°C, but that the short-day behavior
becomes much less pronounced at lower temperature. For
example, 12 hour photoperiods are too long for flower
initiation at 20°C and at 17°C, but are effective at and
below 111°C, 16 hour photoperiods, that are ineffective at
14°C, are effective at 10°C and at 6°C. At the two latter
temperatures the plants flower even in continuous light.

Another plant that quantitatively changes its photo-
periodical behavior with temperature is the potato (Solanum
tuberosum). Tuber formation in potato is usually considered
to be a short-day process., This is true however only in
high nyétitemperatures. At 10°C nyctitemperatures, 16 hour
photoperiods are almost as effective as 8 hour photoperiods.
At low temperatures tubers are formed even in continuous
light (187).

Mathiola incana has been found to behave as a long-day
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plant‘in the summer and as an indeterminate plant in the
winter. This is due to the fact that it does not flower in
short days at temperatures above 18°C. At témﬁeratures
below 18°C it flowers both in short and in long days (186).

The work of Paton with a late pea variety in the
Earhart Laboratory (197) also establishes the fact that the
photoperiodic response of this plant is quantitatively
altered by changes in the temperature of the dark period:
"In the absence of temperature variations during the dark
period plants grown in 8 hour photoperiods (PB) flower
25-60 days later than plants grown in 16 hour photoperiods
(Pyg)e A temperature change of 10°-19°C during the dark |
period almost eliminates the photoperiodic response, PB
plants initiating the first flower only 6-10 days later
than the Py, plants."

The fact that Salvinia rotundifolia shows qualitative
changes in photoperiodic behavior with températuze changes
between 26°C to 17°C is of interest, since 1t represents
an extreme of the series of cases referred to above. This
property makes this plant a very favorable object for the
study of the interrelations between partial processes in
photoperiodism. For this purpose it will be desirable to
determine the critical photoperiod at different temperatures
and to clarify the situation at 20°C. At this temperature
there is very slow initiation of sporangia both in continuous
light and in.short (8 hour) days and it is possible that

this species, at this temperature, may be limited by two
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overlappihg reactions, requiring short days and long days,
respectively.

The thermoperiodic behavior of Salvinia rétundifolia,
shown by the results of Experiments #15 and #16, displays
a pattern of reaction similar to that observed by Paton in
the case of a late pea variety (1L7).

In general the environmental requirements for the
initiation of sporangia on all species of ferns studied
bring into consideration problems of interrelations between
temperature and the photoperiodic processes, as well as |
problems of interrelations between the initiation of spor-
angia and other morphogenetic processes. The frequency
with which these results appear in the study of similar
processes in other plants, uging the same techniques of
culture of plants under controlled climatic conditions,
suggests that this is not an isolated situation, although
it might have been overlooked by the fact that equipment
facilities rarely allow the study of interaction of factors
and processes in a reasonably short time.

Concepts elabofated in different realms of morpho-
genesis are necessarily operational and, as such, they
reflect the limitations of the techniques employed in these
fields. Thus, the study of vascular tissue differentation
and of heteroblastic leaf development place emphasis on
the local circumstances prevailing in the meristems,
whereas in the study of reproductive differentiation the

accent is placed in correlations between the meristems
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and the organs that perceive the environmental stimuli.
Since these are actually two faces of the same phenomenon--
development--it is hoped that an approach that works with
both aspects would bring to our knowledge new facts and new
relationships that will unify scattered and even conflict-

ing data in a simpler picture.
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