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Abstract Typical dicots possess equal-sized cotyledons and
leaf-bearing shoots topped with a shoot apical meristem
(SAM), the source of lateral organs, and where KNOX1 homeobox genes act as key regulators. New World Gesneriaceae
show typical cotyledons, whereas Old World Gesneriaceae
show anisocotyly, the unequal post-germination growth of
cotyledons, and include unifoliate (one-leaf) plants. One-leaf
plants show an extremely reduced body plan: the adult aboveground photosynthetic tissue consisting of a single cotyledon,
a macrocotyledon enlarged by the basal meristem (BM), but
lacking a SAM. To investigate the origin and evolution of the
BM and one-leaf plants, the meristem activity and KNOX1
SHOOTMERISTEMLESS (STM) expression in cotyledons
and leaves were systematically studied by RT-PCR and in situ
hybridization across the family Gesneriaceae, Jovellana in
Calceolariaceae (sister family to Gesneriaceae), and
Antirrhinum in Plantaginaceae, all families of order
Lamiales (asterids), in comparison to Arabidopsis
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(Brassicales, rosids). In all examined Lamiales samples, unlike Arabidopsis, BM activity accompanied by STM expression was found in both cotyledons in early stages. Foliage
leaves of Gesneriaceae and Jovellana also showed the correlation of BM and STM expression. An extension of BM activity was found following a phylogenetic trajectory towards
one-leaf plants where it is active throughout the lifetime of the
macrocotyledon. Our results suggest that KNOX1 involvement in early cotyledon expansion originated early on in the
diversification of Lamiales and is proposed as the prerequisite
for the evolution of vegetative diversity in Gesneriaceae. Stepwise morphological shifts, driven by transfers of meristematic
activity, as evidenced by shifts in KNOX1 expression, may be
one mechanism by which morphological diversity evolves in
plants.
Keywords KNOX1 . Streptocarpus . Gesneriaceae .
Cotyledon . Leaf . Meristem

Introduction
Typical dicots possess equal-sized cotyledons and leafbearing shoots topped with a shoot apical meristem (SAM),
though many variations exist. New World Gesneriaceae (subfamily Gesnerioideae), in most cases, possess an aboveground morphology with a typical shoot system with the
SAM developing between two equal cotyledons (isocotyly)
and produce an ‘ordinary’ shoot structure with decussate leaf
arrangement (Fig. 1). On the other hand, the seedling morp h o l o g y in O l d Wo r l d G e s n e r i a c e a e ( s u b f a m i l y
Didymocarpoideae) is distinct from that of New World
Gesneriaceae, because of anisocotyly, their unequal-sized
post-germination development of the cotyledons (Burtt
1963; Fig. 1d–g). In addition, there are variable shoot systems
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Fig.

1 Experimental material selected across the Lamiales in a
phylogenetic context (see Stevens 2001 onwards; Weber et al. 2013). a
Antirrhinum majus, Plantaginaceae. b Jovellana punctata,
Calceolariaceae. c Corytoplectus speciosus, New World Gesneriaceae
(isocotylous). d–g Old World Gesneriaceae (anisocotylous). d
Henckelia anachoreta. e Streptocarpus glandulosissimus, caulescent with
typical shoot apical meristem (SAM). f, g Acaulescent Streptocarpus
lacking a shoot and SAM (Jong and Burtt 1975). f Streptocarpus rexii,
rosulate, forming leaves from the groove meristem arranged in an irregular rosette (Jong and Burtt 1975). g Streptocarpus wendlandii, unifoliate,
retaining the macrocotyledon as sole foliar organ (Hilliard and Burtt
1971). Column 1 habit, column 2 schematic illustration of cotyledon/
leaf shape, column 3 SEM micrographs of seedlings, column 4 images
of foliage leaves and macrocotyledon of the unifoliate S. wendlandii,
column 5 descriptions of materials, from left to right: M meristem type,
L leaf arrangement and type, C cotyledon type, S systematic position of
the study material: *New World subfamily Gesnerioideae, **Old World
subfamily Didymocarpoideae. co cotyledon, Mc macrocotyledon, mc
microcotyledon

recognized in Old World Gesneriaceae. The majority show a
typical shoot system with decussate leaf arrangement, but
some show leafy organs without a typical SAM.
In Old World Gesneriaceae, one cotyledon, the
macrocotyledon, continues to grow after germination to almost resemble a foliage leaf, while the other, the
microcotyledon, withers away eventually (Fig. 2a, b). The
degree of the macrocotyledon growth is different between
evolutionary lineages of Old World Gesneriaceae. In
caulescent ones, such as Streptocarpus glandulosissimus, the
anisocotyly phase, while short, delays the development of the
SAM but eventually forms a typical leaf-bearing shoot
(Fig. 2c). On the other hand, in acaulescent Streptocarpus,
the macrocotyledon growth is greatly extended, sometimes
for years, and they can reach >1 m in length, but no SAM is
formed (Fig. 2d, e; Jong 1970; Hilliard and Burtt 1971). Thus,
acaulescent Streptocarpus retain a ‘leafy organ’ originated
first from the macrocotyledon: the macrocotyledon enlarges
due to the activity of a basal meristem located at the proximal
end of the lamina and the petiolode meristem, a diffuse meristematic region of the petiole, near the base of the lamina,
extending the petiole and midrib to form a leafy organ termed
‘phyllomorph’, with the macrocotyledon forming the ‘cotyledonary phyllomorph’ (Fig. 2d, e; Jong 1970; Jong and Burtt
1975). In rosulate acaulescent species, additional
phyllomorphs are formed in an irregular arrangement from
the groove meristem located on the adaxial side of the petiole
near the base of the lamina (Figs. 1f and 2d). In unifoliate
acaulescent species, no further phyllomorphs are formed,
and the cotyledonary phyllomorph is the only above-ground
organ of the plant, producing inflorescences at the base of the
lamina (Figs. 1g and 2e; Jong 1970; Jong and Burtt 1975;
Imaichi et al. 2000).
The leaf ontogeny in Gesneriaceae has previously been
studied in detail only in Old World species. It was particularly
well studied in acaulescent Streptocarpus (e.g. Jong and Burtt
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1975; Harrison et al. 2005; Mantegazza et al. 2007) and unifoliate Streptocarpus or Monophyllaea species (e.g. Tsukaya
1997; Imaichi et al. 2000; Nishii et al. 2004; Ayano et al.
2005). Only the caulescent S. glandulosissimus with typical
shoots has been studied in detail, and an area at the proximal
end of the leaf with an extended meristematic activity was
found, similar to the basal meristem in phyllomorphs of acaulescent Streptocarpus species (Nishii et al. 2010). Nothing is
known in this respect from New World Gesneriaceae that do
not exhibit anisocotyly, and thus, the critical questions to address are when the basal meristem has evolved in the evolution of Gesneriaceae, and where, in the cotyledon or leaves, it
was first established. This is particularly interesting with view
to the evolution of plant meristems leading to unifoliate oneleaf plants, whether it is caused by an evolutionarily rapid
truncation of the shoot or represents a gradual transition in
shoot morphology (Hilliard and Burtt 1971; Cronk and
Möller 1997; Möller and Cronk 2001).
To this end, we selected species representing growth forms
of major lineages across the phylogeny of Gesneriaceae
(Möller et al. 2009, 2011; Möller and Clark 2013; Fig. 1,
Online Resource 1) and determined the position of cell division activity in the cotyledon and leaf. Furthermore, the expression of class 1 KNOX homeobox (KNOX1) genes was
evaluated since it was shown in the previous studies that in
both cotyledons, leaves, and phyllomorphs of Streptocarpus,
KNOX1 has been found linked to the areas of meristematic
activity (Mantegazza et al. 2009; Nishii et al. 2010), and it is
well established that KNOX1 genes function as regulators of
undifferentiated tissues and maintainers of meristematic properties in the SAM of angiosperms (Vollbrecht et al. 1991;
Smith et al. 1995; Long et al. 1996), with
SHOOTMERISTEMLESS (STM) being a major player in dicots (Long et al. 1996). Thus, we isolated STM homologues
from our study plants and determined their expression domains and employed them as the developmental genetic marker for meristem identity. To place the findings in a larger evolutionary context, we compared the Gesneriaceae species to
outgroup taxa across the core eudicots (i.e. asterids: Lamiales:
Jovellana punctata, Antirrhinum majus) including
Arabidopsis thaliana (Brassicales, rosids; Online Resource 1).

Materials and methods
Plant materials
Plant and seed materials were provided by the Royal Botanic
Garden Edinburgh (RBGE), Taipei Botanic Garden (Taiwan),
and Cecilia Koo Conservation Center (Taiwan). Seeds of some
outgroup species were purchased from Suttons Seeds
(Paignton, UK) (Online Resource 2). The selection of experimental species across the Gesneriaceae followed recent
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Fig. 2

Schematic representation of phyllomorphic organization in
Streptocarpus. a, b Seedling growth of Old World Gesneriaceae.
Seedling just after germination shows equal cotyledons (a), and one
cotyledon continues to grow to become a macrocotyledon (b). c–e The
macrocotyledon enlarges to resemble a foliage leaf in caulescent
Streptocarpus (c) or become a cotyledonary phyllomorph in acaulescent
Streptocarpus (d, e), and it is indistinguishable from the additional
phyllomorphs in rosulate Streptocarpus with cotyledonary phyllomorph
and additional phyllomorphs (d) and unifoliate Streptocarpus with only
the cotyledonary phyllomorph (e). f, g Schematic illustration of a
phyllomorph with its unique meristems. Top view (f) and side view (g).
ap additional phyllomorph, ar adventitious root, bm basal meristem, co
cotyledon, cp cotyledonary phyllomorph, gm groove meristem, hy
hypocotyl, if inflorescence, Mc macrocotyledon, mc microcotyledon,
me mesocotyl, mr midrib, pd petiolode, pm petiolode meristem

molecular phylogenetic studies (Möller et al. 2009, 2011;
Online Resource 1). As outgroups for developmental studies,
J. punctata was selected belonging to Calceolariaceae, the closest sister family to Gesneriaceae (Schäferhoff et al. 2010;
Weber et al. 2013), as well as A. majus (Plantaginaceae) as a
model plant from within Lamiales (Refulio-Rodriguez and
Olmstead 2014), both with simple leaves and a pair of typical
equal-sized dicot cotyledons. Although the margin of the foliage leaf of J. punctata is slightly serrated, the leaf primordia
are simple (Online Resource 3a).
In Gesneriaceae, we choose Corytoplectus speciosus from the
New World, also with simple leaves and isocotylous seedlings,
and Henckelia anachoreta from the Old World Gesneriaceae
with simple leaves but anisocotylous seedlings. In
Streptocarpus, we selected the caulescent S. glandulosissimus
developing anisocotylous seedlings and pairs of simple decussate
leaves formed from a typical SAM, the perennial rosulate
Streptocarpus rexii also producing unequal-sized cotyledons
but additional leaves (phyllomorphs, henceforth termed leaves
for simplicity unless specifically given), and Streptocarpus
wendlandii as a unifoliate one-leaf plant, only retaining the cotyledonary phyllomorph as sole foliar organ, flowering and
fruiting only once (monocarpic) (Hilliard and Burtt 1971). In
addition, we studied a range of Gesneriaceae species to confirm
the result observed in the representative species (Online
Resource 2).
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The amplified DNA fragments were subcloned using the
pGEM-T Easy Vector System (Promega, WI, USA) and sequenced through the Edinburgh Genomics sequencing service
of the University of Edinburgh (UK). The STM homologues
were identified as STM1 in Gesneriaceae (Harrison et al.
2005). In Harrison et al. (2005), STM2 was also reported as
an additional STM gene from Streptocarpus. However, since it
was characterized as a rather short sequence, with 19 amino
acids located in the homeodomain and had an intron in a
different position compared to Gesneriaceae STM1 and
Arabidopsis STM, it is obviously quite divergent from these;
thus, we excluded it from our phylogenetic study. For simplicity, we use the term ‘STM’ for STM-like KNOX1 genes in
general here (e.g. including Arabidopsis STM, Antirrhinum
INA, HIRZ) and for the STM gene homologues in
Gesneriaceae STM1. The newly acquired gene sequences
were deposited in GenBank and their accession numbers given in Online Resource 5.
Homology analyses
The codon sequences of the STM genes isolated here were
aligned with previously reported KNOX1 genes using
BioEdit v.5.0 (Hall 1999). A Bayesian inference (BI) phylogenetic analysis was performed using MrBayes v.3.2.2
(Ronquist et al. 2012). Best-fitting nucleotide substitution
models were determined for each codon position separately
in MrModeltest v.2.3 (Nylander 2004). Under the Akaike information criterion (Akaike 1974), GTR+R was chosen for
the 1st and 2nd codon positions, and GTR+I+G for the 3rd
position. Five million generations were run in two independent parallel runs of four MCMC chains and sampled every
1,000th generation. The first 500 trees (10%) were discarded
as burn-in, determined by checking for stationarity of the likelihood values against generations. From the remaining trees,
BI majority rule consensus trees and posterior probabilities
(PP) were obtained. Convergence of the two runs was
assessed through the average standard deviation of split frequencies (0.009826). Accession numbers and codes of the
sequences used in the tree are given in Online Resource 5.

Cloning of STM homologues from Gesneriaceae
and J. punctata

Cotyledon morphometry and meristematic activity

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad,
CA, USA). First-strand complementary DNA (cDNA) was
synthesized with an OligodT primer [d(T) 1 8 ] and
SuperScript III Reverse Transcriptase (Invitrogen). STMKNOX1 was amplified by PCR using degenerate primers
based on regions from the KNOX1 domain to the
homeodomain conserved between STM (A. thaliana),
NTH15 (Nicotiana tabacum), Let6 (Solanum lycopersicum),
INA (A. majus), and SrSTM1 (S. rexii) (Online Resource 4).

For scanning electron microscopy (SEM) observations, samples were fixed in FAA (3.7% formaldehyde, 5% acetic acid,
50% ethanol, in distilled water), dehydrated in an ethanol series and immersed in acetone. Following drying and ionsputter coating, samples were observed with a LEO Supra
55VP SEM (Zeiss, Welwyn Garden City, UK). Seedlings of
different developmental stages were analysed: for the early
developmental stage, seedlings 1 day after cotyledon
unfolding (1D) were used. For later developmental stages,
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isocotylous species with plumule (10D) or anisocotylous species with apparent macrocotyledon (20–30D) were used.
For observation of cotyledon morphometry and cell division
activity, seedlings of 1D, 10D, 20D, and 30D were fixed in
ethanol and glacial acetic acid (4:1). To measure the area, images
of cotyledons were taken with a Zeiss AxioCam MRc5 CCD
camera mounted on a Zeiss Axiophot brightfield microscope.
The images were analysed with Zeiss AxioVision v.4.7 and the
data transferred to Microsoft Excel. The number of lateral veins
was counted in the same samples. To identify dividing cells in
cotyledons, Aniline Blue staining, for the fluorescent detection
of ß-1,3glucan, which is contained in newly formed cell walls,
was conducted as described previously (Nishii et al. 2004;
Kuwabara and Nagata 2006; Online Resource 6). Samples were
observed under fluorescence on a Zeiss Axiophot microscope
using UV excitation. We observed Aniline Blue-stained cell
walls of epidermal and subepidermal cell layers from the adaxial
side, where no stomata occur in the examined species of
Gesneriaceae and J. punctata. In A. majus, stomatal division
was observed on the upper surface of cotyledons, and thus, we
only counted the septum walls between two square cells, not in
round stomata cells. The area of a cotyledon retaining Aniline
Blue-stained cell walls was determined by tracing the outline of
cotyledons and the XY-axis locations of the cell walls in the
cotyledons under fluorescence and analysed in Photoshop
(Adobe Systems Inc.) and ImageJ (Schneider et al. 2012). The
data were transferred to Microsoft Excel and 2D plots prepared
(see Online Resource 6).
Leaf morphology and meristematic activity
To allow comparisons of the leaf growth between species, we
used proportional leaf lengths (%). The maximum leaf length
used for each species was as follows: A. majus 7.5 cm,
J. punctata 11 cm, C. speciosus 12 cm, H. anachoreta
12 cm, S. glandulosissimus 6 cm, S. rexii 29 cm, and
S. wendlandii 30 cm. We plotted the number of veins against
the proportional leaf length. Primary lateral veins were observed by eye in leaves more than 10 mm in length. Leaves
smaller than 10 mm in length were fixed in ethanol/acetic acid
(4:1), further cleared with chloral hydrate (Nishii et al. 2004),
and observed under an Zeiss Axiophot brightfield microscope.
To observe the cell division arrest front, developing leaves
were divided into eight sections from tip to base and stained
with Aniline Blue. Each leaf segment was assessed for meristematic activity. The relative position of the most distal leaf
segment with meristematic activity was calculated for each
leaf. The highest value in a category was taken as indicator
for the location of the arrest front. The leaves at the different
developmental stages were analysed (see Online Resource
7a–f), and the data at five representative stages (<5, 6–10,
20–30, 50–60, 90–100% of final leaf length) was combined
and illustrated.
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Gene expression analyses by RT-PCR
The gene-specific primers designed here (Online Resource 4)
were tested for RT-PCR suitability for each species. These
primers spanned introns and thus produced different length
products from cDNA and gDNA, allowing the recognition
of transcribed mRNA signals. Actin primers also spanning
intron were designed, and Actin gene amplification was used
as internal controls.
To analyse STM expression in cotyledons, the cotyledons
were excised from the hypocotyl with a needle under a Zeiss
Stemi stereo microscope and immediately collected in liquid
nitrogen and RNA extracted as described below. In total,
30∼50 cotyledons were combined for each sample. For 1D
seedlings of both isocotylous and anisocotylous species, both
cotyledons of a seedling were combined as one sample. In
20D seedlings, both cotyledons were treated as one sample
in isocotylous species, while the macrocotyledons were collected separately in anisocotylous species. Entire seedlings at
the same stages were used as controls.
Fresh foliage leaf or phyllomorph samples at different developmental stages were collected directly in liquid nitrogen
and RNA extracted using TRIzol which was further treated
with 5:1 acid phenol/chloroform (pH 4.0) and purified using
the PureLink RNA purification kit (Invitrogen) following the
manufacturer’s protocol. For some material, such as mature
plants of S. wendlandii, column purification of RNA, using
the PureLink RNA purification kit, was essential for successful RT-PCR of STM. cDNA was synthesized by SuperScript
III Reverse Transcriptase with oligo(dT) primers. For STM
expression analyses in leaves, the midribs were removed immediately before freezing in liquid nitrogen. For larger-sized
leaves of more than about 5 cm length, only the proximal part
of the lamina was collected. To examine the differential expression patterns of STM between proximal and distal leaf
regions, leaves of 30% maximum leaf lengths showing STM
expression (except for J. punctata where STM is expressed
only up to 10% leaf length) were divided into proximal and
distal halves, RNA extracted, and RT-PCR performed as described above using an entire shoot as control.
RT-PCR was carried out as described in Nishii et al. (2010).
RT-PCR products were detected by electrophoresis in 1.2%
agarose gels and stained with SYBR Safe. Gel images were
taken with the GeneGenius Gel Imaging System (Syngene,
Cambridge, UK) and images cropped to illustrate STM and
Actin bands.
Gene expression analyses by RT-qPCR
STM expression in 1D and 20D cotyledons were examined in
C. speciosus and A. majus using whole seedlings at the same
stages as controls. RNA extraction and cDNA synthesis were
carried out as described above, and the intron-spanning gene-
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specific primer pairs designed here were used (Online
Resource 4). 18S ribosomal RNA (rRNA) was amplified as
internal controls. RT-qPCR was carried out with the KAPA
SYBR FAST qPCR kit (Kapa Biosystems, Woburn, MA,
USA), using a Bio-Rad CFX real-time PCR machine (BioRad, Hercules, CA, USA). The melting curve was analysed
for each experiment individually for each primer set. The efficiency of the primer pairs and the obtained threshold cycle
(Ct) values were analysed in REST (Pfaffl et al. 2002). All
experiments were conducted in triplicates. Relative STM expression levels and the standard error in cotyledons were calculated using 18S rRNA as reference gene and whole seedlings as controls.
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codon sequences used to build a BI tree with those KNOX1
genes previously characterized from model plants [A. thaliana
STM, N. tabacum (tobacco) NTH, S. lycopersicum (tomato)
Let6, and A. majus (snapdragon) AmINA and AmHIRZ] retrieved from GenBank. The Gesneriaceae and outgroup sequences were found homologous to the previously reported
STM genes (PP = 1.0; Fig. 4). Furthermore, all three introns
found in A. thaliana STM (protein ID AAF70849,
25193.25402, 26031.26269, 26975.27230, 27691.28119 in
BAC F2401, Arabidopsis thaliana Genome Center,
University of Pennsylvania, USA) were identified in the
STM genes isolated here. The intron positions were fully conserved between the study species and A. thaliana STM (Fig. 3)
and S. rexii STM1 (Harrison et al. 2005).

Gene expression analyses by in situ hybridization
STM DNA fragments were amplified from cDNA prepared
by PCR using gene-specific primers. The regions used for
probes were 14-A∼113-Q for J. punctata, 34-R∼120-S for
C. speciosus, and S-83∼F-194 for S. glandulosissimus, of
deduced amino acid sequences. The amplified sequences
were cloned into P-GEM-T Easy Vector (Promega) and
insertion confirmed by sequencing as described above.
The plasmids with the species-specific inserts were used
as templates. Digoxygenin-labelled (DIG) RNA probes
for STM genes were generated using an in vitro transcription kit (Roche Diagnostics GmbH, Mannheim, Germany)
according to the manufacturer’s protocol. Sense transcripts from the same regions were used as negative controls. Hybridization and immunological detection was performed as described previously (Mantegazza et al. 2007).
Purple staining was interpreted as positive signals.
Occasionally, brown∼beige colouration was observed in
the sections as background staining and was characteristic
of the Gesneriaceae and J. punctata material. Images of in
situ hybridization were taken with an Olympus BX51
brightfield microscope (Olympus, Tokyo, Japan).

Results
Isolation of STM genes
We isolated STM-KNOX1 homeobox genes from nine
Gesneriaceae in addition to SrSTM1 of S. rexii (Harrison
et al. 2005) and three outgroup species: partial STM sequences
were obtained from the New World C. speciosus, Sinningia
schiffneri, Sinningia speciosa, and the Old World
H. anachoreta, Loxostigma griffithii, and Rhynchoglossum
gardneri. STM was also isolated from the outgroup samples
J. punctata, Calceolaria angustifolia, and Calceolaria
ascendens (all Calceolariaceae) (Fig. 3). The deduced amino
acid sequences of the isolated sequences were aligned and the

Cotyledonary basal meristem observed in both isocotylous
and anisocotylous seedlings in the early post-germination
stage
Both cotyledons in a seedling developed identical in size
over the observed time period after cotyledon unfolding in
the isocotylous species A. majus, Digitalis purpurea (both
P l a n t a g in a c e a e ) , J . p u n c t a t a ( C a l c e o l a r i a c e a e ) ,
C. speciosus, Seemannia purpurascens, S. speciosa, and
Gesneria cuneifolia (all New World Gesneriaceae)
(Table 1, Fig. 1 column 3, Fig. 5 column 1). On the other
hand, in the Old World Gesneriaceae species examined,
H. ana choreta , M ic ro chirita lav andu lacea ,
S. glandulosissimus, S. rexii, and S. wendlandii all
showed seedlings with an unequal cotyledon development
from 10D onwards (Table 1, Fig. 5 column 1), and the
formation of eglandular hairs in the proximal region of the
macrocotyledons, a sign of lamina extension (see Nishii
et al. 2004), was also observed (Online Resource 8d–g).
Initially, the number of lateral veins in cotyledons increased during their growth in both isocotylous and
a n i s o c o t y l o u s s p e c i e s ( Ta b l e 2 ) . H o w e v e r, i n
anisocotylous species, the number of lateral veins was
statistically significantly higher in the larger cotyledon at
10D and later, with the only exception of H. anachoreta,
although it showed strong anisocotyly early on at 10D
(Tables 1 and 2).
Cell division detected by Aniline Blue followed the
pattern of cotyledon area expansion. Both, isocotylous
and anisocotylous species showed cell division activity
at 1D, and at 5D for A. majus, mostly observed in the
proximal region of both cotyledons (Fig. 5 column 2,
Online Resource 9). However, at 10D, cell division activity in most isocotylous species had ceased, whereas the
larger cotyledon of the anisocotylous species continued to
show cell division activity at 10D and 20D with the centre
of activity near the base of the macrocotyledon (Fig. 5
column 3, Table 3, Online Resource 9).
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Fig. 3 Conservation and homology of isolated STM genes. Alignment of
deduced amino acid sequences of STM genes. Extent of the conserved
domains, KNOX1, KNOX2, ELK, and HOMEODOMAIN indicated by

bold lines. Positions of Arabidopsis STM and Gesneriaceae STM1 introns
indicated by grey arrowheads

STM expression was detected in the cotyledon in line
with the cell division activity. In all isocotylous species
STM expression was observed in 1D, but not in older
isocotylous seedlings (Fig. 5 column 4, Online Resource
9). In the anisocotylous seedlings of Old World
Gesneriaceae species examined in this study, STM was
expressed in both cotyledons at 1D, but later detected only
in the macrocotyledon (Fig. 5 column 4). The RT-qPCR
results further confirmed the early STM expression in cotyledons of the isocotylous New World Gesneriaceae

C. speciosus just after germination, but when cell division
had ceased at 20D, STM was found down-regulated
(Fig. 6a). RNA in situ hybridization showed that in this
species, STM was localized in the proximal region of both
cotyledons at 1D (Fig. 7a), as well as in the SAM (Fig. 7b),
where cell division was observed and the number of cell
layers was increased (Online Resource 10). In A. majus,
the expression of both INA and HIRZ was detected in cotyledons just after germination at 1D by RT-qPCR, but was
down-regulated in the cotyledons at 20D (Fig. 6b).

Dev Genes Evol (2017) 227:41–60
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Fig. 4 Bayesian inference tree of
KNOX1 genes. Posterior
probabilities are given next to the
branches. STM genes from
Gesneriaceae, Calceolariaceae,
and the STM-KNOX1 genes
AtSTM (Arabidopsis thaliana),
AmINA, AmHIRZ (Antirrhinum
majus), NTH15 (Nicotiana
tabacum), and Let6 (Solanum
lycopersicum) form a single
highly supported clade (posterior
probability = 1.0), indicated by a
vertical box

Leaf basal meristem is common to Calceolariaceae
and Gesneriaceae, but extended in Gesneriaceae
The growth patterns of foliage leaves, the phyllomorph of
S. rexii and the cotyledonary phyllomorph (macrocotyledon)
of the unifoliate S. wendlandii as equivalent, were examined.
In A. majus, as reported, cell division ceases after 10% of the
final leaf length has been attained, and STM gene expression
was never observed (see Nath et al. 2003). The arrest front of
cell division for J. punctata leaves showed a more rapid termination of division at 20–30% leaf length compared to the
G e s n e r i a c e a e C . s p e c i o s u s , H . a n a c h o re ta , a n d
S. glandulosissimus with 50–60% leaf length. Streptocarpus
rexii and S. wendlandii showed the longest cell division activity, up to 90–100% leaf length (Fig. 8 column 1).
The cell expansion rates were more desynchronized in
leaves of Old World Gesneriaceae compared to those of
New World Gesneriaceae and the outgroup species: the size

of epidermal cells in the proximal position (base) of the leaf
differentiated from those of the middle and tip regions at about
50% leaf length in J. punctata, 10% in C. speciosus, and less
than 5% in Old World species of H. anachoreta and
S. glandulosissimus (Online Resource 7o–r).
The number of lateral veins in the outgroup A. majus
reached its maximum before 10% leaf length was attained
(Fig. 8 column 2). On the other hand, in J. punctata, the
number of lateral veins gradually increased up to 40–50% leaf
length. In New World Gesneriaceae, they increased during
leaf growth slightly longer than J. punctata, about 50–60%
final leaf length. The Old World Gesneriaceae showed a significantly extended period (>60% leaf length) of lateral vein
increase. Additional samples of New World (Besleria labiosa,
Nautilocalyx lynchii, S. schiffneri, S. purpurascens, Gesneria
pedicellaris × pedunculosa) and Old World Gesneriaceae
(L. griffithii, Paraboea swinhoei, Oreocharis xiangguiensis)
confirmed these patterns (Online Resource 7g–n). In the
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Table 1 Seedling development of the study species: development of cotyledon area (mm2) over time, 1 day (1D), 10 days (10D), and 20 days (20D)
after cotyledon unfolding

1D

Antirrhinum majus
Plan – isocotyl
Digitalis purpurea
Plan – isocotyl
Jovellana punctata
Cal – isocotyl
Corytoplectus speciosus
NW – isocotyl
Seemannia purpurascens
NW – isocotyl
Sinningia speciosa
NW – isocotyl
Gesneria cuneifolia
NW – isocotyl
Henckelia anachoreta
OW – anisocotyl
Microchirita lavandulacea
OW – anisocotyl
Streptocarpus glandulosissimus
OW – anisocotyl
Streptocarpus rexii
OW – anisocotyl
Streptocarpus wendlandii
OW – anisocotyl

10D

20D

Larger co.

Smaller co.

Larger co.

Smaller co.

Larger co.

Smaller co.

0.88 ± 0.06
(4)

0.82 ± 0.04
(4)

11.18 ± 0.72
(5)

10.03 ± 0.56
(5)

12.28 ± 0.72
(5)

11.62 ± 0.59
(5)

P = 0.42
0.84 ± 0.07
(5)

P = 0.24

0.82 ± 0.07
(5)

2.68 ± 0.08
(5)

P = 0.88
0.29 ± 0.03
(5)

P = 0.17

0.28 ± 0.02
(5)

1.17 ± 0.23
(3)

P = 0.67
0.22 ± 0.01
(5)

0.22 ± 0.01
(5)

0.75 ± 0.05
(5)

0.21 ± 0.04
(5)

1.83 ± 0.10
(5)

0.40 ± 0.07
(5)

3.52 ± 0.35
(5)
1.32 ± 0.04
(5)

0.20 ± 0.02
(5)

0.61 ± 0.08
(9)

0.24 ± 0.06
(5)

5.56 ± 0.06
(5)

0.17 ± 0.02
(5)

0.52 ± 0.03
(5)

0.35 ± 0.02
(5)

P < 0.01 (0.0018)**

0.12 ± 0.01
(5)

0.40 ± 0.03
(5)

P = 0.74
0.08 ± 0.01
(5)

2.56 ± 0.11
(5)

P = 7.55E-9***

P = 0.65
0.12 ± 0.01
(5)

0.35 ± 0.03
(9)

P = 0.007**

P = 0.74
0.18 ± 0.02
(5)

1.26 ± 0.03
(5)

P = 0.29

0.15 ± 0.03
(4)

P = 0.86
0.27 ± 0.05
(5)

3.32 ± 0.31
(5)

P = 0.67

P = 0.78
0.16 ± 0.03
(4)

1.75 ± 0.11
(5)

P = 0.63

P = 0.89
0.21 ± 0.02
(5)

0.72 ± 0.04
(5)

P = 0.63

P = 0.72
0.41 ± 0.06
(5)

1.12 ± 0.21
(3)

P = 0.90

P = 0.64
0.23 ± 0.04
(5)

2.48 ± 0.10
(5)

0.29 ± 0.01
(5)

P = 0.006**

0.08 ± 0.01
(5)

0.50 ± 0.05
(6)

P = 0.75

0.38 ± 0.02
(6)

P = 0.04*

P = 0.50
2.99 ± 0.13
(5)

2.71 ± 0.11
(5)

P = 0.14
1.35 ± 0.08
(3)

1.23 ± 0.06
(3)

P = 0.33
1.08 ± 0.03
(5)

1.01 ± 0.05
(5)

P = 0.27
1.86 ± 0.10
(5)

1.74 ± 0.10
(5)

P = 0.66
4.22 ± 0.37
(5)

4.05 ± 0.35
(5)

P = 0.75
1.83 ± 0.05
(5)

1.74 ± 0.08
(5)

P = 0.38
2.54 ± 0.1
(5)

0.78 ± 0.02
(5)

P = 1.64E-5***
20.85 ± 0.75
(5)

3.39 ± 0.33
(5)

P = 2.44E-8***
0.62 ± 0.03
(5)

0.38 ± 0.01
(5)

P < 0.01 (0.0004)**
0.51 ± 0.04
(5)

0.33 ± 0.01
(5)

P = 0.002**
0.84 ± 0.06
(5)

0.41 ± 0.03
(5)

P = 0.0003***

Means ± standard errors of N replicates (in brackets). P values calculated by one-way ANOVA between the area of the larger cotyledon and the smaller
cotyledon. Significant comparisons shaded in grey
Plan Plantaginaceae, Cal Calceolariaceae, NW New World Gesneriaceae, OW Old World Gesneriaceae
*Significant at P = 0.05; **significant at P = 0.01; ***significant at P = 0.001

phyllomorphic S. rexii and S. wendlandii, the lateral vein increase was observed during the entire period of leaf growth
(Fig. 8 column 2).

STM expression during leaf growth was not observed in
A. majus (Golz et al. 2002). Surprisingly, STM expression
was detected in J. punctata and all Gesneriaceae species
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examined in this study, although to different extents (Fig. 8
column 3, Online Resource 11). In J. punctata, STM was
expressed in leaves up to 10% final size. In situ hybridization
of STM also showed a signal in leaf primordia of J. punctata
(Online Resource 12b). The New World Gesneriaceae species
C. speciosus (Fig. 8) and S. schiffneri (Online Resource 11a)
and the Old World Gesneriaceae, S. glandulosissimus (Fig. 8),
and L. griffithii (Online Resource 11b) showed STM expression up to 20–30% leaf size. Phyllomorphic Streptocarpus
species showed the longest periods of STM expression in their
leaves, with S. rexii up to 50–60% and S. wendlandii throughout its vegetative growth phase. When leaves were divided
into proximal and distal halves, STM expression was detected
only in the proximal region of the lamina but not in the distal
region in all species analysed (Fig. 8 column 4). In the New
World C. speciosus, in situ hybridization of STM also showed
that the gene was localized in the proximal region of the lamina (Fig. 7c), similar to the leaf of the Old World
S. glandulosissimus (Online Resource 13b). In both cases,
STM expression was restricted to the basal region of the lamina where the basal meristem is located, seen as protrusions on
the midrib in transverse sections (Fig. 7c, Online Resource
13b).

Discussion
We studied the vegetative development of strategically sampled members of the morphologically diverse family
Gesneriaceae and outgroup samples, to illustrate changes in
the meristem activity leading to one-leaf plants in an evolutionary setting, by following cell division and meristem
KNOX1-STM gene expression patterns. It should be noted that
even though STM mutants lack a SAM and may superficially
resemble unifoliates (Barton and Poethig 1993), there is evidence from genetic studies of unifoliate vs. rosulate species
demonstrating that STM is not the causative gene for
unifoliateness in Streptocarpus (Harrison et al. 2005).
Instead, in the present study, we used STM as locator for meristems (Long et al. 1996; Mantegazza et al. 2007, 2009). Our
comparative studies revealed striking differences in the location and extent of meristematic activities that allowed to pinpoint key evolutionary events in the rise of cotyledonary oneleaf plants.
Comparisons to model plants
While our outgroup sampling was dictated by the availability of thoroughly studied systems, trends could be
ascertained of the characteristics of non-gesneriads with a
view to cotyledon and leaf development. Cell division in
cotyledons of A. thaliana (rosids; Brassicales) is only observed in marginal regions of the palisade mesophyll, but

51

throughout the cotyledons in tobacco and petunia, both
Solanales (asterids), an order closely related to Lamiales to
which family Gesneriaceae belongs, though in both cases
division ceases before the cotyledons unfold (Fridlender
et al. 1996; Stoynova-Bakalova et al. 2004). Within the
Lamiales, we observed a further trend of intensification
and localization of cell division towards the base of both
cotyledons in line with their relatedness, from Antirrhinum
over Jovellana to the New World then Old World
Gesneriaceae (Fig. 5, Online Resource 9). A strong temporal
and spatial disjunction occurred at the evolutionary split between the New and Old World Gesneriaceae, whereby the
Old World Gesneriaceae acquired anisocotyly, based on the
extended basal meristem activity of the macrocotyledon
(Fig. 5). These lineage-specific patterns were confirmed in
a larger sampling of the Plantaginaceae and Gesneriaceae
(Tables 1, 2, and 3) and seem to be conserved within each
group. Additionally, whereas in A. thaliana (StoynovaBakalova et al. 2004) and tobacco (Avery 1933) cotyledons
develop through anticlinal cell divisions, Gesneriaceae such
as Streptocarpus (Imaichi et al. 2000), Monophyllaea
(Tsukaya 1997; Ayano et al. 2005), and C. speciosus
(Online Resource 10) display both anticlinal and periclinal
divisions, adding depth to the cotyledonary tissue, a prerequisite for the stability of larger organs.
In foliage leaves, cell division in A. thaliana occurs only
very early on and across the emerging primordia but sharply
declines towards the base soon afterwards (Donnelly et al.
1999). The Lamiales samples here followed a similar pattern,
but at greatly different rates between the species analysed
(Fig. 8, Online Resource 7), basically following the trend of
cell division of the cotyledons, intensifying from an early
ceasing activity in A. majus (Nath et al. 2003), over
J. punctata with a slightly extended period and the
Gesneriaceae with a greatly extended period of cell division,
in parallel with a more rapid shift of the cell cycle arrest front
towards the lamina base (Fig. 8, Online Resource 7). The
unifoliate S. wendlandii showed the swiftest focus of cell divisions and the most extended activity across its entire leaf
development. The pattern of lateral vein formation, an indirect
measure of lamina extension (Nishii et al. 2010), supported
the observed extended cell division activity in the leaves of the
examined Gesneriaceae species and J. punctata (Fig. 8,
Online Resource 7).
The rate of cell differentiation between the proximal, middle, and distal leaf regions, illustrated by the distribution of
cell sizes over time, showed a gradual increase from the proximal towards the distal region in A. majus (Nath et al. 2003),
J. punctata, and the isocotylous New World Gesneriaceae.
However, a distinct size shift across the lamina was observed
for anisocotylous Old World Gesneriaceae, indicating that the
differentiation between the basal and remaining lamina tissue
was rapid (Online Resource 7o–r).

52

Dev Genes Evol (2017) 227:41–60

Dev Genes Evol (2017) 227:41–60

53

Fig. 5

Meristem behaviour associated with STM expression contributes
to cotyledon development. a–g As in Fig. 1. Column 1 Cotyledon area
within seedlings equal at seedling stage 1 day after unfolding (1D). Only
Old World Gesneriaceae (d–g) show unequal cotyledon growth at 10–
30D. The diagonal line indicates values for a 1:1 ratio of cotyledon size.
Columns 2–3 meristem activity detected by Aniline Blue staining in the
proximal region of both cotyledons 1D or 5D in all species (column 2)
and only in the macrocotyledon 20D for anisocotylous Gesneriaceae
(column 3). Column 4 RT-PCR expression patterns of STM. STM expression observed in cotyledons of all species 1D, but not in the 20D cotyledons of isocotylous species (arrowheads), but observed in the
macrocotyledon at 20D. Arrowheads indicate samples without STM expression. co cotyledon, w whole seedling, Mc macrocotyledon

Table 2

STM is involved in lateral organ growth in Gesneriaceae
In A. thaliana and maize, KNOX1 genes mark the SAM but
are excluded from the cotyledons during embryogenesis and
after germination (Smith et al. 1995; Long et al. 1996). It was
surprising to find STM expression in cotyledons early on (1D)
for all Lamiales samples analysed here (Fig. 5 column 4,
Online Resource 9f). The STM expression closely followed
changes in cell division patterns in the cotyledons over time,
being down-regulated in cotyledons in the isocotylous
Gesneriaceae C. speciosus and S. speciosa, in J. punctata,

Seedling development of the study species: development of lateral vein bifurcation per cotyledon

1D

Antirrhinum majus
Plan – isocotyl
Digitalis purpurea
Plan – isocotyl
Jovellana punctata

Smaller co.

Larger co.

Smaller co.

Larger co.

Smaller co.

4.6 ± 0.3 (4)

4.2 ± 0.2 (4)

6.8 ± 0.6 (5)

5.8 ± 0.3 (5)

6.6 ± 0.3 (5)

6.4 ± 0.4 (5)

P = 0.54
5.0 ± 1.2 (3)

NW – isocotyl
Sinningia speciosa

0.0 ± 0.0 (7)

2.0 ± 0.0 (5)

Streptocarpus rexii

Streptocarpus wendlandii
OW – anisocotyl

0.4 ± 0.2 (5)

1.8 ± 0.3 (5)

P = 0.61
n.e.

n.e.

2.0 ± 0.3 (5)

1.4 ± 0.3 (5)

0.0 ± 0.0 (4)

P = 0.17
0.7 ± 0.5 (3)

a

0.0 ± 0.0 (5)

7.2 ± 0.2 (5)

2.2 ± 0.2 (5)

P=1

2.6 ± 0.2 (5)

0.0 ± 0.0 (3)

1.4 ± 0.4 (5)

P = 0.11
1.3 ± 0.3 (3)

a

0.3 ± 0.3 (3)

P = 0.10
0.0 ± 0.0 (5)

0.4 ± 0.2 (7)

a

0.0 ± 0.0 (3)

P = 0.37

P = 4.89E-7***
1.0 ± 0.4 (5)

0.0 ± 0.0 (5)

0.4 ± 0.2 (5)

0.0 ± 0.0 (4)

a

OW – anisocotyl

2.0 ± 0.0 (5)

P = 0.58
0.0 ± 0.0 (4)

0.0 ± 0.0 (3)

2.2 ± 0.2 (6)

0.6 ± 0.2 (5)

a

Streptocarpus glandulosissimus 1.0 ± 0.4 (5)

0.6 ± 0.4 (5)

P = 0.66
1.6 ± 0.2 (5)

2.2 ± 0.2 (6)

2.0 ± 0.0 (5)
a

P=1
0.0 ± 0.0 (6)

0.0 ± 0.0 (5)

2.0 ± 0.0 (5)

P = 0.54

a

0.0 ± 0.0 (4)

0.0 ± 0.0 (5)

1.8 ± 0.2 (5)

a

0.0 ± 0.0 (6)

1.3 ± 0.4 (3)

0.0 ± 0.0 (5)

P = 0.37

OW – anisocotyl

OW – anisocotyl

1.3 ± 0.4 (3)

6.7 ± 0.7 (3)

P = 0.37

a

0.2 ± 0.2 (3)

2.0 ± 0.0 (5)

8.0 ± 0.8 (3)

P = 0.72
0.0 ± 0.0 (7)

0.4 ± 0.2 (3)

5.7 ± 0.3 (3)

P = 0.68

P = 0.09

a

OW – anisocotyl
Microchirita lavandulacea

0.0 ± 0.0 (7)

0.0 ± 0.0 (7)

NW – isocotyl
Henckelia anachoreta

7.3 ± 0.5 (3)

a

NW – isocotyl
Gesneria cuneifolia

5.0 ± 0.8 (3)

P = 0.31

P=1

NW – isocotyl
Seemannia purpurascens

20D

Larger co.

Cal – isocotyl
Corytoplectus speciosus

10D

0.0 ± 0.0 (7)

P = 0.14

10.8 ± 0.6 (5)

2.2 ± 0.6 (5)

P = 6.2E-6***
3.6 ± 0.2 (5)

2.2 ± 0.2 (5)

P = 0.002*
1.8 ± 0.2 (4)

0.3 ± 0.2 (4)

P = 0.005*
1.6 ± 0.5 (4)

0.0 ± 0.0 (4)

P = 0.013*

Means ± standard errors of N replicates (in brackets). P values calculated by one-way ANOVA between the area of the larger cotyledon and the smaller
cotyledon. Significant comparisons shaded in grey
n.e. not evaluated, Plan Plantaginaceae, Cal Calceolariaceae, NW New World Gesneriaceae, OW Old World Gesneriaceae
*Significant at P = 0.05; **significant at P = 0.01; ***significant at P = 0.001
a

No variance
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Seedling development of the study species: cell division activity in developing cotyledons

1D

10D

20D

Larger co. Smaller co. Larger co. Smaller co. Larger co. Smaller co.
Antirrhinum majus
Plan – isocotyl

100%
(4/4)

100%
(4/4)

20%
(1/5)

20%
(1/5)

0%
(0/5)

0%
(0/5)

Digitalis purpurea
Plan – isocotyl

100%
(3/3)

100%
(3/3)

0%
(0/3)

0%
(0/3)

0%
(0/3)

0%
(0/3)

Jovellana punctate
Cal – isocotyl

100%
(7/7)

100%
(7/7)

0%
(0/3)

0%
(0/3)

0%
(0/5)

0%
(0/5)

Corytoplectus speciosus
NW – isocotyl

100%
(7/7)

100%
(7/7)

0%
(0/5)

0%
(0/5)

0%
(0/5)

0%
(0/5)

Seemannia purpurascens
NW – isocotyl

100%
(3/3)

100%
(3/3)

0%
(0/5)

0%
(0/5)

0%
(0/5)

0%
(0/5)

Sinningia speciosa
NW – isocotyl

100%
(5/5)

100%
(5/5)

0%
(0/6)

0%
(0/6)

n.e.

n.e.

Gesneria cuneifolia
NW – isocotyl

100%
(6/6)

67%
(4/6 )

0%
(0/5)

0%
(0/5)

0%
(0/5)

0%
(0/5)

Henckelia anachoreta
OW – anisocotyl

100%
(4/4)

100%
(4/4)

100%
(4/4)

25%
(1/4)

100%
(3/3)

0%
(0/3)

Microchirita lavandulacea
OW – anisocotyl

100%
(5/5)

60%
(3/5)

100%
(5/5)

0%
(0/5)

100%
(5/5)

0%
(5/5)

Streptocarpus glandulosissimus 100%
(5/5)
OW – anisocotyl

100%
(5/5)

100%
(5/5)

0%
(5/5)

100%
(5/5)

0%
(5/5)

Streptocarpus rexii
OW – anisocotyl

100%
(3/3)

100%
(3/3)

100%
(3/3)

0%
(0/3)

100%
(4/4)

0%
(0/4)

Streptocarpus wendlandii
OW – anisocotyl

100%
(5/5)

100%
(5/5)

100%
(7/7)

29%
(2/7)

100%
(4/4)

0%
(0/4)

Assessed by Aniline Blue staining of cell walls in epidermal and subepidermal cells on the adaxial side of cotyledons. Numbers are percentages of
cotyledons with divisions. The actual number of seedlings with divisions and the total number observed are given in brackets. Shaded cells indicate the
presence of cell divisions
n.e. not evaluated, Plan Plantaginaceae, Cal Calceolariaceae, NW New World Gesneriaceae, OW Old World Gesneriaceae

Fig. 6 Isocotylous species show
KNOX1 expression in cotyledons
at an early growth stage. a, b STM
RT-qPCR results. a Corytoplectus
speciosus. b Antirrhinum majus.
CsSTM1, AmINA, and AmHIRZ
were expressed in cotyledon at the
seedling stage 1 day after
unfolding (1D), but were suppressed in older seedlings (20D).
Relative expression levels
calculated against whole
seedlings (±SE bars, n = 3)
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Fig. 7 STM in situ expression patterns in the isocotylous Corytoplectus
speciosus. a Longitudinal section of cotyledons just after germination at
the seedling stage 1 day after unfolding (1D). b Shoot apical meristem
between cotyledons, 10D. c–d Transverse section through the proximal

region of a foliage leaf. a–c Sections were hybridized with antisense
probe (a–c) or sense negative control (d). Arrows indicate the purplecoloured in situ signals. Scale bars = 100 μm

and in A. majus, while being continuously expressed in the
macrocotyledon of anisocotylous Gesneriaceae (Fig. 5
column 4) (Mantegazza et al. 2007, 2009). It was interesting
to find that STM was localized in the proximal region of both
cotyledons in the isocotylous C. speciosus in the early stages
of germination (Fig. 7a), a pattern similar to the anisocotylous
S. rexii just after germination (Mantegazza et al. 2007). This
may indicate that the early cotyledonary expression of STM
may be shared among the Lamiales.
In foliage leaves, absence of KNOX1 expression is widespread in plants and was first reported for maize, A. thaliana,
and A. majus (Smith et al. 1995; Long et al. 1996; Golz et al.
2002). Only occasionally KNOX1 is expressed outside the
SAM, in plants with compound leaves or complex leaf
primordia (Hareven et al. 1996; Bharathan et al. 2002; Hay
and Tsiantis 2006). Streptocarpus, however, have simple
leaves and simple leaf primordia (Mantegazza et al. 2007;
Nishii et al. 2004; Imaichi et al. 2007) but still express
KNOX1 there (Harrison et al. 2005; Nishii et al. 2010;
Mantegazza et al. 2007). Intriguingly, we found STM expression also in the foliage leaf of J. punctata and all Gesneriaceae
samples studied including those of the New World (Fig. 8,
Online Resource 11). All these plants have simple leaves
and simple leaf primordia (Fig. 1, Online Resource 3a–c).

Thus, in Lamiales, at least the Gesneriaceae plus their closest
family the Calceolariaceae do not follow the correlation between compound leaf and leaf KNOX1 expression.
It appears that the leaf meristematic activity becomes more
focused and extends in duration in Gesneriaceae, since the STM
expression was strongly focussed in the proximal region of the
lamina of the developing leaf in Gesneriaceae. This basal meristem activity appears to expand ‘step-wise’ in Gesneriaceae and
is seemingly ‘indeterminate’ in unifoliate Streptocarpus.
Intriguingly, rosulate Streptocarpus showed a shorter duration
of STM expression (compare Fig. 8 column 3 f vs. g), suggesting
that the size of phyllomorphs is determined during their growth,
perhaps interacting with previously or newly formed ones.
The basal meristem
The Oxford Dictionary of Plant Sciences (Allaby 2012) defines a meristem as ‘a group of plant cells that are capable of
dividing indefinitely and whose main function is the production of new growth’. In this sense, the areas at the base of the
leaves of anisocotylous Gesneriaceae that show a high density
of dividing cells and KNOX1 expression could be seen as an
intercalary meristem (Esau 1953), since it gives rise to similar
cells or to cells that differentiate to produce diverse specialized
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Fig. 8 Foliage leaf development associated with meristem behaviour and
STM expression. a–g As in Fig. 1. Column 1 progression of cell division
arrest front in segments of leaves detected by Aniline Blue staining.
Column 2 number of lateral veins plotted against leaf length peaks early
in Antirrhinum majus and increased in Jovellana punctata and
Gesneriaceae species until later stages. The line indicates the trend of
increase of lateral veins. Column 3 RT-PCR revealed STM expression in
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leaf primordia in J. punctata and developing leaves in Gesneriaceae species, as well as an extended presence in the acaulescent Streptocarpus
rexii and S. wendlandii. Column 4 RT-PCR shows STM expression in the
proximal region of the lamina (pL) but not in the distal region (dL).
Arrowheads indicate samples without STM expression. w whole shoots,
pL proximal region of lamina, dL distal region of lamina, *Nath et al.
2003, **Golz et al. 2002
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tissues (i.e. epidermis, parenchyma, and vasculature including
main lateral veins), and has indeed been first termed ‘basal
meristem’ by Jong (1970).
This basal meristem could be seen as an evolution from the
relatively scattered and transiently active meristemoids in
A. thaliana (Donnelly et al. 1999) without KNOX1 expression,
through intermediate steps where the correlation between cell
division and KNOX1 is initially relatively disjunct in an organ,
as in the leaf of J. punctata, with a wider and more diffuse cell
division pattern than STM expression, to Streptocarpus where
the area of meristematic activity becomes highly defined and
the STM expression is more in line with this area of cell division, perhaps to keep cells there in an indeterminate state to
form a basal region of pluripotent cells (Figs. 5 and 8;
Mantegazza et al. 2007). This is supported by previous work
in Streptocarpus: STM and WUSCHEL, both regulating the
meristem identity and expressed in the SAM in A. thaliana
(Laux et al. 1996; Long et al. 1996), are also expressed in the
basal meristem of S. rexii (Mantegazza et al. 2007, 2009).
Further, YABBY, expressed in lateral organs and correlated
with the abaxial cell fate of the lamina, is excluded from the
SAM of A. thaliana and is also excluded from the basal meristem in S. rexii (Siegfried et al. 1999; Tononi et al. 2010).
It is also known that meristems are fine-regulated by plant
hormones. For example, cytokinins (CK) and gibberellins
(GA) regulate functioning of the SAM through KNOX1 genes
in A. thaliana. Here, high CK and low GA levels maintain
indeterminacy of the SAM, whereas lateral organs show high

GA that prevent meristem activity there (Hay et al. 2002;
Jasinski et al. 2005; Yanai et al. 2005). Intriguingly, the basal
meristem in Streptocarpus is also affected by GA and CK.
Here, GA application suppresses basal meristem activity and
thus the formation of a macrocotyledon, while CK application
induces basal meristem activity in both cotyledons to form
two macrocotyledons (Rosenblum and Basile 1984; Nishii
et al. 2004, 2012; Mantegazza et al. 2007, 2009). The genes
involved in GA synthesis and degradation have recently been
isolated and studied in S. rexii, and the GA synthesis gene,
SrGA20ox, found expressed in the lamina of the cotyledons,
and the GA degradation gene, SrGA2ox, in the basal meristem. This would result in low levels of GA in the basal meristem and high levels in the remaining lamina, similar to the
SAM and leaves in A. thaliana, respectively (Nishii et al.
2014).
All these features support the view that the basal meristem
is a highly evolved and organized structure that can be
regarded as a meristem with a region of undifferentiated cells
rather than a lamina with transient unorganized cell division.

Fig. 9 Hypothesised model of step-wise meristem evolution towards the
one-leaf plant in Gesneriaceae. Meristem activities associated with
KNOX1 expression. a In SAM in Arabidopsis. b Additionally in cotyledons. c Extended into foliage leaf primordia, but disjunct from later lamina expansion. d Expanded into foliage leaf, associated with lamina expansion, facultative anisophylly (indicated as stippled outline). e

Evolution of anisocotyly. f Loss of shoot and SAM. g, h Shift of SAM
function to leaf. g Rosulate with groove meristem forming additional
leaves. h Unifoliate with indefinite KNOX1 expression in the
macrocotyledon. Black meristem associated with KNOX1, light grey cotyledon, grey foliage leaf and stem

Consequences of the step-wise evolution of the basal
meristem
We report here a case of progressive temporal extensions and
spatial shifts of cell division activity from the SAM to cotyledons and leaves, which can be seen as developmental stepping
stones in the evolution of the one-leaf plant. In this instance, it
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is not solely the result of a single macromutation as pondered
on previously (Cronk and Möller 1997), but originates from
an intricate series of small changes in meristem behaviour
(Fig. 9). It involves an expansion of STM expression from
the SAM to cotyledons in the Lamiales lineage (Fig. 9b).
STM further extended its expression domain outside the
SAM i n l eaf primordia i n the Gesneriaceae and
Calceolariaceae (Fig. 9c). Both events are without immediately apparent developmental consequences, but represent essential precursory steps for the consecutive evolutionary innovations. These include facultative anisophylly, the unequal size
of leaves in a pair, in some Gesneriaceae (Fig. 9d, Online
Resource 3d, e), perhaps to avoid self-shading, e.g. in
Columnea among New World genera (Online Resource 3d),
Cyrtandra and Loxostigma among Old World genera (Online
Resource 3e), and anisocotyly only in the Old World
Gesneriaceae (Fig. 9e), perhaps a prerequisite to expand photosynthetic area rapidly after germination that allows the
plants to grow in the dark forest they often inhabit (Burtt
1970). The presence of species showing anisophylly across
all Gesneriaceae and the absence of anisocotyly in New
World Gesneriaceae suggest that the genetic cascade and controls required for asymmetric lateral organ growth seemingly
evolved first in foliage leaves (Fig. 9d). Without this preacquired lateral dominance, one-leaf plants would require
the acquisition of several interconnected traits simultaneously
to be able to survive (Fig. 9e–h). Whether rosulates, basically
SAM-lacking acaulescents that form additional leaves from a
groove meristem (Jong 1970; Jong and Burtt 1975), arose first
from caulescents or unifoliates is still unresolved (Möller and
Cronk 2001; Nishii et al. 2015).
The importance of a series of micromutational steps altering
the spatial-temporal pattern of cell division and KNOX1 expression has been indicated here in the evolution of the one-leaf
plant. There are examples of gradual shifts of homeobox (Hox)
gene expression in animals and their effects on body plan evolution (e.g. paired fins in vertebrate; Tanaka and Onimaru 2012;
snake body plan; Guerreiro et al. 2013), where flexible cis-elements play important roles. As such, each mutation has undergone natural selection processes and has proven its adaptive
merits and thus added to the chances of the success of a novel
evolutionary trajectory (e.g. the one-leaf plants here) that at first
seems unlikely to have any great evolutionary significance.
However, there exist >50 species with unifoliate habit, just under
one third of all species in the genus Streptocarpus (Nishii et al.
2015), and this habit has apparently evolved several times independently in Africa and Madagascar (Möller and Cronk 2001;
Nishii et al. 2015), a testimony of their evolutionary potential.
Perhaps the combination of anisocotyly, allowing photosynthetic tissues to be added swiftly, and unifoliateness, allowing axillary inflorescences to be formed without delay, enables the
plants to survive in unfavourable conditions where resources
are scarce. Strong support comes from other species such as
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Streptocarpus nobilis or other Gesneriaceae such as
Microchirita hamosa, Microchirita micromusa, and
Rhynchoglossum obliquum, caulescent species that form unifoliates under adverse conditions (Lawrence 1943; Burtt 1970).
Detailed studies of these intermediates would shed more light
on the alternative developmental and genetic pathways that allows plants to adapt with extreme reductions in form to adverse
conditions.
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