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ABSTRACT 
An overview is given of the current knowledge 
of the genetic and physiological mechanisms 
underlying the morphological diversity exhibited 
by Gesneriaceae plants, one of the larger 
angiosperm families with more than 3200 species. 
The development of vegetative structures is 
highly diversified and includes several unusual 
features, such as anisocotyly, observed in some 
genera such as Streptocarpus or Monophyllaea, 
where one cotyledon develops continuously after 
germination to form phyllomorphs, rather than 
leaves. Some anisocotylous plants retain only 
the continuously developing macrocotyledon as 
photosynthetic tissue to form ‘one-leaf plants’. 
Recent Evo-Devo studies have shed some light 
on the origin and behavior of meristems in 
such phyllomorphic plants. The plant hormone, 
cytokinin and environmental factors, such as light, 
are likely to be the key players in this scenario. 
Reversions to vegetative development of floral 
meristems are observed in the genus Titanotrichum. 
Here, the flower meristems change to form bulbils 
at the end of the flowering season, a means of 
asexual mass reproduction. Both phenomena, 
 

anisocotyly and bulbil meristem formation are 
interesting cases of the diversification of meristem 
behavior in plants, which may be responsible 
for the generation of such high levels of 
phenovariation observed in Gesneriaceae.  
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INTRODUCTION 
Understanding plant organ development from 
stem cells and its evolutionary role are the most 
important issues in plant biology as stem cells are 
essential for developing organs (leaf/flower). In 
conventional plants, the above ground parts of 
plants, including leaves and flowers, are formed 
from layered shoot apical meristems (SAMs). 
Recent plant research has focused intensively on 
how plant SAMs are maintained and what genetic 
networks are involved in their activities [1]. 
Most angiosperm species have undifferentiated 
meristem cells in shoot apices. Meristems are 
usually maintained by the interaction of meristem 
genes influenced by plant hormones [2]. During 
the determined organ development, the meristem 
activity is switching off at certain stage in 
ordinary plants. However, African Violet or Cape 
Primrose in Gesneriaceae, which are popular 
ornamental house plants, can have continuously 
active meristems in leaves or flowers [3-10]. 
Continuous meristematic activities in their 
cotyledons, for example, result in a phenomenon
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cytoplasmic dense small cells are observed in the 
proximal region of the macrocotyledon, but not in 
the microcotyledon. This region was termed 
the basal meristem by Jong [9], and was 
consecutively confirmed by other researchers 
[4-6, 18]. The meristematic activity was ascertained 
cytologically by the incorporation of BrdU, a 
thymidine analog, into nuclei in these meristem 
regions [4, 18, 20], and with aniline blue staining 
of septum walls in just divided cells [18]. Thus, 
such meristematic activity in the cotyledon is the 
basis of the macrocotyledon formation. Certain 
cotyledon features, such as trichome formation 
and the venation patterns drastically change after 
macrocotyledon initiation in Streptocarpus. This 
indicates that the basal meristem retains the ability 
for forming new tissues at the base of the 
macrocotyledon [18].  
 
Determination of the cotyledon fate 

It is an intriguing question of how the 
macrocotyledon fate is determined and which of 
the cotyledon becomes the macrocotyledon. The 
cotyledon fate determination was studied in 
Monophyllaea. As the cotyledons are equal just 
after germination, it was inferred that the 
macrocotyledon fate is determined after 
germination [17]. This hypothesis was confirmed 
after the surgical experiments in Monophyllaea 
horsfieldii [4]. If one cotyledon was excised when 
both cotyledons were still undifferentiated, the 
other cotyledon develops as the macrocotyledon. 
However, if the macrocotyledon was excised 
24 days after germination, the remaining 
microcotyledon could no longer enlarge. Instead, 
a small new leaf would initiate at the base of the 
macrocotyledon. This suggests that the cotyledon 
fate is determined after germination and becomes 
irreversible at a certain time after macrocotyledon 
differentiation [4]. 
 
Effects of environmental factors on anisocotyly 

Since the cotyledon fates are likely to be 
determined after germination, environmental 
factors may control the cotyledon fate. The effects 
of light and gravity have been examined. It was 
suggested that the direction of light illumination 
can regulate the macrocotyledon formation and 

unique in these groups of plants, anisocotyly [4-6, 
9-10]. In the extreme case, these plants retain only 
one enlarged cotyledon and thus are called ‘one-
leaf plants’. Furthermore, prolonged meristem 
activity in floral organs causes a phenomenon 
called ‘flower reversion’ that makes ectopic 
shoots or vegetative meristem emerging from 
extended floral meristem activity [48, 49, 51]. 
Here we summarize recent advances in researches 
on the unique phenomena of anisocotyly and 
floral reversion within Gesneriaceae species from 
the viewpoint of plant developmental biology.  
 
Diverse vegetative development 

Anisocotyly as a characteristic of Old World 
Gesneriaceae 
Anisocotyly, the unequal cotyledon development, 
was first recognized in Streptocarpus species 
by Crocker, Dickson, and Ridley [11-13]. 
Anisocotyly is unique to Gesneriaceae and thus an 
interesting study material for the developmental 
biology. In ordinary plants such as Arabidopsis 
thaliana, cotyledons and a SAM are formed 
during embryogenesis. Just after germination, the 
two cotyledons of A. thaliana expand equally. 
Their cotyledons show the cell division activity, 
but it is in the scattered manner and remains  
for only few days [14]. In Streptocarpus, both 
cotyledons are also equal in size just after 
germination; however, one cotyledon starts to 
grow faster than the other one, becoming the 
macrocotyledon. The smaller cotyledon stops to 
grow shortly after germination and becomes the 
microcotyledon. It later often withers away. 
Anisocotyly is observed in many species of 
Gesneriaceae from the Old World, such as 
Streptocarpus, Monophyllaea, Aeschynanthus, 
Cyrtandra, Chirita, and Acanthonema [11-13, 
15, 16].  
The morphogenesis of the macrocotyledon has 
been studied in details from various aspects 
mainly in Streptocarpus and Monophyllaea [4-6, 
17, 18]. These studies revealed that the unordinary 
meristematic activity in the cotyledon is 
important in the expression of anisocotyly. During 
embryogenesis and just after germination, both 
cotyledons are equal in size [4, 17, 19]. After a 
short while, the cells with meristematic features: the
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Streptocarpus [18, 19, 22]. In the unifoliate 
Streptocarpus wendlandii, after 6-benzylamino-
purine (6-BAP) application, basal meristems are
formed in both cotyledons and the features 
observed in the macrocotyledon were observed 
in both cotyledons [18]. Cytokinin treatments also 
induced the development of meristematic 
regions in both macrocotyledons in the rosulate 
Streptocarpus rexii [19].  
In addition, treatment with beta-glycosyl Yarib 
reagent that selectively binds arabinogalactan-
proteins (AGPs) also induced this phenovariation 
in Streptocarpus, such as shoot induction, 
multiple leaf initiation, and inhibition of the 
macrocotyledon growth [24]. It is suggested that 
AGPs play a pivotal role in pattern formation in 
Streptocarpus.  
As mentioned above, both of the environmental 
factors and physiological factors might have 
important roles for forming anisocotyly. Therefore, 
the interaction between environmental factors, 
such as light or gravity, and physiological factors 
in anisocotyly are intriguing to study to understand 
the pathway for forming the macrocotyledon. 
One possibility may be mentioned that the 
environmental signal may be a primary cue which 
affects the physiological pathway, like cytokinin 
levels, resulting in the formation of anisocotyly. 
Further physiological studies might be important 
to understand the control of the anisocotyly 
development in Gesneriaceae. 
 
The one leaf plant and the phyllomorph concept 
Some species of Gesneriaceae show an extremely 
large macrocotyledon and retain only the 
macrocotyledon as photosynthetic organ in their 
life cycle. These species are called as ‘one leaf 
plants’. The morphogenesis of such a one leaf 
plant was studied in details by Jong [9, 25] and 
Jong and Burtt [10]. Comparative studies with 
several species of Streptocarpus showed that the
one leaf plant (acaulescent - unifoliate) retains 
unordinary meristems in their leaves. These 
unique leaves termed ‘phyllomorph’ consist of 
lamina and ‘petiolode’, a structure with mixed 
function of stem and petiole. In fact, three 
meristems of the basal meristem, the petiolode 
meristem, and the groove meristem contribute to 

orientation in Chirita and Streptocarpus [21]; 
while the cotyledon opposite to the light 
source became the macrocotyledon. Gravity, on 
the other hand, did not affect the macrocotyledon 
orientation in Streptocarpus or Monophyllaea 
[4, 21]. In Chirita, gravity had no effect 
on the macrocotyledon orientation at the 
beginning, but later the macrocotyledons 
responded to gravity and were oriented 
downwards [21]. It was also reported that physical 
damage, such as excision or insect damage, can 
affect the cotyledon growth [22]. Pastes applied to 
both cotyledons, result in the formation of two 
microcotyledon. According to these studies, a 
cotyledon in better conditions may become the 
macrocotyledon [22].  
Environmental factors seem to play important 
roles in the formation and orientation of 
the macrocotyledon. Nonetheless, the roles of 
environmental factors for the cotyledon growth 
need to be surveyed with further physiological 
experiments. In this respect, it is also interesting 
to study the role of the interaction between these 
environmental factors and plant hormones on the 
macrocotyledon development.  
 
Effects on exogenous hormone application on 
anisocotyly 
Plant hormones have major roles in plant 
development [23], and may also be important in 
anisocotyly. Several plant hormones were applied 
to Streptocarpus prolixus [22]. After gibberellin 
(GA3) treatment on the seedling of S. prolixus, 
anisocotyly was inhibited, two microcotyledons 
formed, and shoot-like structures were observed 
between the cotyledons. 2,3,5-triiodobenzoic acid 
(TIBA), a known antagonist of auxin transport, 
also inhibited anisocotyly development and 
induced the formation of short-lived shoot-like 
structures. It seems that plant hormones have 
certain roles for the macrocotyledon formation in 
S. prolixus. One hypothesis is that the suppression 
of the macrocotyledon growth induced 
shoot development in S. prolixus. Thus, the 
macrocotyledon and shoot formation may be 
mutually exclusive in S. prolixus. 
On the other hand, cytokinin induced the 
development of two macrocotyledons in 
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cotyledonary macrocotyledon, but observed 
in the basal region of the newly formed leaf. 
Therefore, the groove meristem might be 
interpreted as the temporary meristems for 
making a leaf/phyllomorph in S. rexii. However, 
it is still debatable whether the new groove 
meristem in the new leaf, i.e. phyllomorph, is the 
continuous structure of the previous groove 
meristem or a de novo structure [20, 27].  
 
Molecular control of meristem activity in 
Streptocarpus phyllomorph 
The comparison between the groove meristem 
and the shoot apical meristem (SAM) at the 
molecular level is a relatively recent line of 
research. The results so far show that the 
genes working in the ordinary SAMs are  
also involved in the phyllomorph meristems 
[19, 27-29]. This is surprising, as, because of the 
apparent lack of an ordinary SAM, Streptocarpus 
is sometimes considered to be a loss of function 
mutants of meristem genes [3-5]. The first 
study focused on SHOOTMERISTEMLESS (STM) 
genes which belong to Class 1 KNOX genes 
(KNOX1). These are important for the initiation 
and maintenance of the SAM [30]. A homolog of 
STM was cloned from several Streptocarpus 
species and named as STM1, and the expression of 
STM1 was observed in the meristematic regions in 
caulescent as well as in acaulescent species 
[19, 28]. 
During embryogenesis, KNOX1 was found not to 
be expressed between the cotyledons, where it is 
expressed in model plants and form the SAM 
[30]. However, the expression of STM1 was 
observed across the cotyledons. Thus, the 
meristem gene expression might have shifted 
from the SAM to the leaf meristems in 
Streptocarpus [19, 28]. In addition to STM1, 
Streptocarpus WUSCHEL (WUS) gene was also 
isolated. Its expression was also found to be 
closely correlated with the meristematic region of 
the Streptocarpus phyllomorphs [29]. In our 
recent study, we isolated another KNOX1 gene, 
BREVIPEDICELLS (BP) and a MYB-like 
gene, ARP gene from two Streptocarpus 
species: rosulate S. rexii and caulescent 
S. glandulosissimus (Nishii et al., unpublished 
data). In A. thaliana, ARP gene is expressed in the

the phyllomorph growth of these plants. The basal 
meristem is for the growth of lamina. It initiates in 
the macrocotyledon and is continuously active 
until flowering. The petiolode meristem is an 
intercalary ‘rib’ meristem, located between the 
lamina-petiolode junction, and contributes to 
extension of the petiolode and mid rib. The 
groove meristem is located on a groove on the top 
side at the lamina-petiolode junction, and forms 
the inflorescence primordia.  
Acaulescent-rosulate Streptocarpus species, such 
as S. rexii or S. primulifolius, are basically 
composed of several to many phyllomorphs, 
formed from the groove meristem [9, 10, 25]. 
The groove meristems are formed on the 
junction between lamina and petiolode, or on 
petiolode, of the macrocotyledon and additional 
phyllomorphs. They form the phyllomorph 
primordia continuously.  
 
The groove meristem and shoot apical meristem 

The groove meristem is intriguing, as it can 
initiate new organ primordia. Thus, its roles might 
be somewhat equivalent to that of the SAM in 
ordinary plants, that maintains the stem 
cell population and dedifferentiate state. These 
anatomical studies showed that the groove 
meristem possesses outer tunica layers, which 
divides anticlinally and the inner corpus has 
irregularly arranged cells which show no obvious 
patterns of zonation. This may be reminiscent of a 
SAM. The leaf initiation from the groove 
meristem in Streptocarpus was studied in detail 
and compared with that from the SAM [10, 20]. In 
S. rexii, after the macrocotyledon formation, the 
groove meristem is formed on the petiolode of the 
macrocotyledon. The groove meristem is flat at 
first and becomes bulged and domed during leaf 
initiation. The cells in the groove meristem are 
relatively small and cytoplasmically dense, 
showing meristematic features [26], and named 
GM cells (groove meristem cells) [20]. Cell division 
activities are at a very early stage observed 
throughout the GM cells. When the groove 
meristems have bulged, cell division activities are 
observed in the surrounding area of GM cells. 
After the leaf initiation, the groove meristem is no 
more observed on the basal region of the 
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species with one leaf, though these are true foliar 
leaves) [37]. In addition to the phyllomorphic one 
leaf plants, some Epithema (Epithematoid), and 
Platystemma (Basic Asiatic genera) show one 
foliage leaf bearing inflorescence [37-39]. Thus, 
these are perennial plants producing a single 
ordinary leaf per season. The existence of true 
phyllomorphic unifoliateness in two relatively 
unrelated Old World groups, epithematoid 
and didymocarpoid, suggest two independent 
evolutionary origins of unifoliateness. 
Among the Old World didymocarpoid 
Gesneriaceae there are several species in 
Streptocarpus and two other African genera, 
Acanthonema and Trachystigma that show 
unifoliateness [37, 39]. Phylogenetic study in 
Streptocarpus showed that there are several 
transitions between rosulate, unifoliate, and 
(rarely) caulescent Streptocarpus morphs during 
their evolution [40]. It is inferred that the genetic 
backgrounds change easily to form one leaf plants 
among Streptocarpus species. Further studies are 
necessary to reveal whether the growth is different 
between the different types of one leaf plants, and 
how they have evolved. 
It should be noted that some Gesneriaceae species 
have their phyllomorph resemble like one leaf 
plants but are actually not. Some caulescent 
species in Gesneriaceae, such as Streptocarpus 
nobilis or Rhynchoglossum [15, 41], usually form 
a macrocotyledon and later form ordinary shoots 
between the two cotyledons [42]. However Burtt 
[43] reported that they do not form shoots and 
only retain the macrocotyledon under certain 
circumstances, and form inflorescences directly 
from the base of the macrocotyledon, which is 
reminiscent of the one leaf plant. 
 
Floral reversion 

Floral reversion in creating pseudovivipary 
Gesneriaceae species not only have unusual 
mersitem behavior in vegetative parts, but also 
in reproductive parts. Flowers are determined 
organs and initiated from the floral meristems. 
However, in Titanotrichum oldhamii, the 
determinate floral meristems can revert to 
the indeterminate vegetative meristems (bulbil

determined leaf primordia but not in the SAM 
where BP gene expression is observed [31, 32]. In 
the other hand, the expression of both BP and 
ARP genes are observed in the meristems (SAM, 
the groove meristem, the basal meristem) and 
developing leaf primordia in rosulate and 
caulescent Streptocarpus. Their gene interaction 
and expression patterns might be different from 
that in the model plants (Nishii et al., unpublished 
data). Thus, it is inferred that the Streptocarpus 
phyllomorph does not simply represent a loss of 
function mutation of regulatory genes, but rather 
it is a more complex reorganization of the genetic 
regulation of meristem genes. The evolutionary 
processes in Streptocarpus should be an 
interesting area of study from the point of 
functional developmental genetics. 
 
Factors affecting the growth of plant form 

It is interesting to consider factors that maintain 
the growth of the one leaf plant. Plant hormones 
are one of the candidates, as mentioned above. 
Gibberellin and cytokinin treatments affect the 
growth of Streptocarpus and induce the formation 
of shoot or leaf-like structures [22, 33]. Day 
length also affects the growth of plant forms. 
A short day length might affect the shoot/ 
inflorescence formation in caulescent Streptocarpus, 
such as S. nobilis [34, 35]. The underlying 
genetics between unifoliates and rosulates were 
investigated with Streptocarpus hybrids, and the 
inheritance of leaf forms was studied by the  
co-segregation of these traits in their offsprings 
[28, 36]. The result suggested that there are two 
loci for regulating the leaf form in acaulescent 
Streptocarpus, but the loci are still elusive.  
 
Evolution of anisocotyly and the one leaf plant 
The phylogenetic studies in Gesneriaceae 
are useful to understand the evolution of 
morphological diversity, including the evolution 
of anisocotyly and the one leaf plant. Anisocotyly 
and the one leaf plants are found mainly in 
Old World Gesneriaceae such as Epithematoid 
(Monophyllaea) and Didymocarpoid (Streptocarpus), 
but not in New World Gesneriaceae such as 
the coronantheroid and gesnerioid Gesneriaceae 
(except for Lembocarpus and one Sinningia
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Environmental factors affect floral reversion 
Floral reversion usually relates to the 
environmental conditions. Some environmental 
conditions induce the floral reversion are opposite 
to that induce the flower initiation [50]. Under the 
long-day (LD) conditions or in summer, the 
flowers are initiated. On the other hand, under the 
short-day (SD) conditions or in autumn, the bulbil 
primordia are formed in T. oldhamii [8]. When 
they are cultivated in low temperature (<18°C), 
the number of the bulbiliferous inflorescences 
generated after flowering was increased. 
Therefore, it is suggested that the day length and 
temperature are the related factors in the floral 
reversion in T. oldhamii [8, 51]. 
 
Molecular control of floral reversion 

Floral reversion may be regarded as the loss 
of floral maintenance and determinacy. In 
Arabidopsis, the floral reversion is induced by 
short-day treatment in plant heterozygous with 
leafy (lfy) or in agamous (ag) mutant [52]. In 
those individuals, the ectopic shoots emerge 
from a single flower, which indicate that the 
floral meristem is reverting to an inflorescence 
meristem or even a vegetative meristem. In 
Antirrhinum, the LFY homologue floricaula (flo) 
mutant also bears indeterminate axillary 
inflorescence shoots in replacing each single 
flower [53]. The bulbiliferous inflorescence in 
T. oldhamii is reminiscent of these mutant 
phenotypes, and the initiation of bulbils is day-
length sensitive, which suggests that FLO/LFY 
homologue in T. oldhamii is likely involved 
in the floral reversion. Down regulation of 
T. oldhamii FLO/LFY (GFLO) is observed  
when the bulbiliferous inflorescence initiates, which 
demonstrates that this gene may be linked to the 
pathway of floral reversion pathway [51]. 
Alternatively, the gain of inflorescence/vegetative 
meristem identity could be another hypothesis 
for floral reversion. Further studies on 
inflorescence meristem identity genes, TFL1/CEN, 
and the shoot apical meristem identity gene, 
WUS/ROA, in T. oldhamii could help to 
understand the molecular mechanism involved in 
the floral reversion (Wang et al., unpublished 
data).  
 

meristems), which may be considered to be a form 
of floral reversion. T. oldhamii bears racemose 
inflorescence in spring and summer. However, 
towards the end of flowering season, on the upper 
part of the inflorescence, the floral meristems 
starts to be converted into the bulbil meristems.  
In addition, new bulbil meristem bearing 
inflorescences (bulbiliferous inflorescences) also 
branches out from axils of the bracts in the place 
of single flowers [8]. These bulbil meristems then 
repeatedly divide themselves and finally give  
rise to numerous bulbil primordia. Each floral 
meristem might eventually produce a cluster of 
50-70 bulbils. One bulbiliferous inflorescence 
can generate thousands of asexual bulbils. 
Consequently, T. oldhamii can rely on these 
asexual propagules for dispersal, mass production, 
and surviving drought.  
The phenomenon in which some or all flowers 
are replaced by asexual propagules or leaves 
is classified as peudovivipary [44]. Many 
angiosperm lineages, as well as T. oldhamii, have 
independently evolved pseudovivipary as their 
alternative reproductive strategy. Regarding this 
issue, most of the pseudoviviparous plants have 
evolved in arctic and alpine region as an 
adaptation to poor sexual reproduction when 
growth conditions are restricted [45, 46]. For 
example, in alpine species Polygonum viviparum 
L., and Saxifraga cernua L., each floral meristem 
in lower parts of the inflorescence is replaced by a 
single bulbil during early spring [45, 47]. Real 
flowers can only initiate in upper part of the 
inflorescence when warmer summer comes. In 
contrast, T. oldhamii grows in subtropical areas 
where growth conditions are favorable. In fact, 
many T. oldhamii individuals still bloom in 
summer, but the seed settings are rarely observed 
in the field and the herbarium specimens. 
Resource competitions may occur between the 
bulbil development and the ovule development, 
which resulted in the fertilization failure because 
of the loss of pollen tube guidance [48]. The 
extensive genetic survey in T. oldhamii approved 
that most of its natural populations are clonally 
maintained by bulbils [49]. Thus, pseudovivipary 
is an important reproductive strategy for survival 
in T. oldhamii.   
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SUMMARY 
The various meristem behaviors in Gesneriaceae 
result in unique anisocotyly and floral reversion.
These unique meristems in leaf and floral organs
are the attractive study material for understanding 
the evolution and diversification of plant form. 
In particular, recently Agrobacterium-meriated 
transformation systems are available in some 
Gesneriaceae species such as Sinningia and 
Kohleria [54, 55]. This may allow us to do the 
functional studies of candidate genes that are 
involved in the development of anisocotyly and 
floral reversion. Further studies will allow us to 
understand the process how the meristem 
diversification has evolved in Gesneriaceae 
species, and the genetic and physiological 
mechanisms of their unique meristem formation. 
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