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A complex case of simple leaves: indeterminate leaves
co-express ARP and KNOX1 genes
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Abstract The mutually exclusive relationship between
ARP and KNOX1 genes in the shoot apical meristem and
leaf primordia in simple leaved plants such as Arabidopsis
has been well characterized. Overlapping expression
domains of these genes in leaf primordia have been
described for many compound leaved plants such as
Solanum lycopersicum and Cardamine hirsuta and are
regarded as a characteristic of compound leaved plants.

Here, we present several datasets illustrating the co-
expression of ARP and KNOX1 genes in the shoot apical
meristem, leaf primordia, and developing leaves in plants
with simple leaves and simple primordia. Streptocarpus
plants produce unequal cotyledons due to the continued
activity of a basal meristem and produce foliar leaves
termed “phyllomorphs” from the groove meristem in the
acaulescent species Streptocarpus rexii and leaves from a
shoot apical meristem in the caulescent Streptocarpus
glandulosissimus. We demonstrate that the simple leaves
in both species possess a greatly extended basal meriste-
matic activity that persists over most of the leaf’s growth.
The area of basal meristem activity coincides with the co-
expression domain of ARP and KNOX1 genes. We suggest
that the co-expression of ARP and KNOX1 genes is not
exclusive to compound leaved plants but is associated with
foci of meristematic activity in leaves.
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Introduction

In most seed plants, the above ground parts of plants are
formed from layered shoot apical meristems (SAMs).
SAMs are composed of three domains that fulfill distinct
functions: the central zone contains a self-renewing pool of
stem cells, the peripheral zone from which cells are
recruited into developing organs, and the rib zone, which
is the origin of ground tissue within the stem (Gifford and
Corson 1971; Bowman and Eshed 2000; Carles and
Fletcher 2003). Leaf primordia arise from the peripheral
zone of the SAM. During leaf development, cell division
initially occurs throughout the primordia, but soon after-
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wards becomes limited to the base of the leaf and finally
cell expansion alone is responsible for the continuing
enlargement of the leaf (Poethig and Sussex 1985a,
1985b; Nath et al. 2003).

The underlying genetic pathways for SAM establish-
ment, maintenance, and leaf development have been
extensively studied in a number of model plants such as
Arabidopsis, Antirrhinum, and maize. In Arabidopsis,
WUSCHEL (WUS) and CLAVATA (CLV) are key genes that
act in the central zone, specifying the fate of the stem cells
and maintaining a relatively constant cell number in the
SAM (Mayer et al. 1998; Fletcher et al. 1999; Schoof et al.
2000). Class 1 KNOTTED-like homeobox genes (KNOX1)
are also important for maintaining meristem cells in an
undifferentiated state (Vollbrecht et al. 1991; Barton and
Poethig 1993; Long et al. 1996). KNOX1 genes have
undergone duplication in several different lineages, and
studies on expression patterns and mutant phenotypes
suggest that sub- and neo-functionalizations have occurred
(Reiser et al. 2000). In eudicots, genes of the SHOOTMER-
ISTEMLESS (STM)-like KNOX1 clade are required for
meristem function and are expressed throughout the
meristem. Genes in the BREVIPEDICELLUS (BP)-like
clade are required for meristem function in the absence of
ASYMMETRIC LEAVES 1 (AS1) and STM and are
expressed predominantly in the peripheral zone in Arabi-
dopsis (Byrne et al. 2000; Reiser et al. 2000).

ARP genes, named after the orthologous genes AS1 from
Arabidopsis thaliana, ROUGH SHEATH2 (RS2) from
maize and PHANTASTICA (PHAN) from Antirrhinum
majus, are MYB-like transcription factors involved in
adaxial–abaxial and proximal–distal axis formation during
leaf morphogenesis. ARP genes negatively regulate KNOX1
genes in determined organ primordia (Waites et al. 1998;
Timmermans et al. 1999; Tsiantis et al. 1999; Byrne et al.
2000). In Arabidopsis, STM represses the expression of AS1
in the SAM, and AS1 in turn represses BP/KNAT1 in leaf
primordia (Byrne et al. 2002). This antagonistic relationship
is characteristic of many plants with simple leaves (Waites
et al. 1998; Byrne et al. 2002), but has been shown to break
down in plants with compound leaves. In these, ARP and
KNOX1 genes are either co-expressed in leaf primordia
(Cardamine hirsuta; Hay and Tsiantis 2006) or in the SAM
and leaf primordia (Solanum lycopersicum; Hareven et al.
1996; Chen et al. 1997; Koltai and Bird 2000).

Most species of the family Gesneriaceae have simple
leaves with a simple leaf primordium produced from a
SAM (Lai 2001; Barth et al. 2009). Caulescent species in
the genus Streptocarpus conform to this development.
Acaulescent Streptocarpus species, though simple leaved,
show a radically different organization and development of
meristems and leaves. To adequately portray the unique
features in these species, special terms were introduced

(Jong 1970; Jong and Burtt 1975). Three meristems, the
“basal meristem”, “petiolode meristem”, and “groove
meristem” are involved in the production of a leaf-like
organ termed “phyllomorph” (Fig. 1). The basal meristem
is found at the base of the lamina and is a region of
persistent cell division supplying new laminar tissue. The
petiolode meristem, a diffuse rib meristematic area of the
“petiolode” (stem-like petiole of the leaf), is responsible for
petiolode and midrib extension. The groove meristem is
positioned on the petiolode and responsible for the
formation of new organs, phyllomorphs or inflorescences
(Fig. 1) (see also Fig. 1 in Mantegazza et al. 2007; Jong
1970, 1978).

All Streptocarpus species exhibit anisocotyly, where one
of the two initially equal-sized cotyledons develops into a
macrocotyledon through the extended activity of its basal
meristem shortly after germination to form the first photosyn-
thetic organ. In acaulescent species (unifoliates and rosulates),
an organized SAM is not produced between the cotyledons.
The macrocotyledon becomes a “cotyledonary phyllomorph”,
and rosulate species initiate additional phyllomorphs from the
groove meristem while unifoliate species maintain only a
single enlarged cotyledon (Fig. 1) (see also Fig. 1 in Harrison
et al. 2005a; Jong 1970). The basal meristem is active until
the leaves produce an inflorescence at its base, and this can
take more than 4 years in some species during which the
lamina continues to grow (Hilliard and Burtt 1971).
Caulescent Streptocarpus species, while also showing
anisocotyly and no embryonic SAM, quickly develop a
conventional shoot structure with stem and decussate pairs of
simple leaves from a central layered SAM produced post-
embryogenically (Jong 1970; Imaichi et al. 2007). Leaves of
the caulescent Streptocarpus pallidiflorus show a group of
small cells at the base, which were compared to a possible
basal meristem (Imaichi et al. 2007). This may indicate that
the macrocotyledon and foliage leaf development in Strepto-
carpus share certain features.

The activity of several genes, involved in meristem
function in model species, has previously been studied in
Streptocarpus. Immunolocalization of KNOX proteins and
KNOX1 SSTM1 (Streptocarpus STM1) RT-PCR showed
KNOX1 expression in the SAM and proximal region of
leaves, but not in incipient leaf primordia in the SAM in the
caulescent Streptocarpus saxorum. KNOX proteins were
detected in inflorescences, groove meristems, and leaf
primordia of the acaulescent Streptocarpus rexii (Harrison
et al. 2005a). Further detailed studies on S. rexii revealed
that SrSTM1 (S. rexii STM1) is expressed not only in the
groove meristem, but also in the basal meristem of
cotyledons (Mantegazza et al. 2007). Expression was also
found throughout the developing embryo and in cotyledons
during early stages of germination. It was concluded that
KNOX1 gene expression is tightly linked to meristematic
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Fig. 1 The unique growth patterns in Streptocarpus. a–d The rosulate
Streptocarpus rexii. a 1 Isocotylous stage 15 DAS. a 2 Anisocotylous
stage 30 DAS. a 3 Anisocotylous seedling with first phyllomorph 65
DAS. a 4 Seedling with several leaves 90 DAS. Bars, 1 mm. b–d
SEM images. b Top view and c side view of anisocotylous seedling. d
Magnified view of c, showing the basal meristem and groove
meristem. e Schematic illustration of seedling development in
Streptocarpus (modified from Jong 1970; Jong and Burtt 1975). e 1
Isocotylous seedling. e 2 Anisocotylous seedling. e 3 Caulescent

Streptocarpus species. e 4–7 Acaulescent (rosulate, unifoliate) species.
e 4 The macrocotyledon develops into the “cotyledonary phyllo-
morph” and forms a groove meristem on the petiolode. e 5 In rosulate
species, the first true leaf, or “primary phyllomorph” is formed from
the groove meristem of the macrocotyledon. e 6 Front view of a single
phyllomorph. e 7 TS off-center as indicated (dashed line) through a
phyllomorph. ab abaxial (lower), ad adaxial (upper) leaf surface, b
basal meristem, g groove meristem, Mc macrocotyledon, mc micro-
cotyledon, p petiolode meristem, SAM shoot apical meristem
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activities not only in the groove meristem, but also in the
persistent activity of foci of meristematic activities in S.
rexii leaves (Mantegazza et al. 2007).

In this paper, we were specifically interested in whether the
antagonistic ARP-KNOX1 expression pattern of Arabidopsis
also exists in Streptocarpus with its unusual labile vegetative
morphology. We investigated the acaulescent S. rexii and the
caulescent Streptocarpus glandulosissimus to elucidate wheth-
er variation in expression patterns of these genes may be
linked to differences in their growth form. The expression of
one STM-like KNOX1 gene in S. rexii has already been
described (Harrison et al. 2005a; Mantegazza et al. 2007).
Therefore, we analyzed ARP and BP-KNOX1 gene expression
to clarify their roles in these developmental processes. We
characterized leaf morphogenesis and determined the tempo-
ral and spatial meristematic activities in leaves, indirectly by
linking lateral vein number with leaf size, directly by
epidermal cell size measurements and the localization of
planes of newly divided cells, and by Histone H4 expression.

We show that these species with simple leaf primordia and
leaves express KNOX1 genes in the leaf. We further
demonstrate that both ARP and KNOX1 genes are
co-expressed in the groove meristem and basal meristem in
leaves in S. rexii, as well as in the SAM and basal area of the
leaf of the caulescent S. glandulosissimus. This co-
expression may be linked to the extended leaf basal meristem
activity observed in both Streptocarpus growth forms.

Materials and methods

Plant materials

Leaves for DNA and RNA extraction were harvested from
plants of S. rexii Lindl. and S. glandulosissimus Engl. held at
RBGE. Seedlings used for in situ hybridization were grown
from seeds, which were sterilized and grown as described
before (Nishii et al. 2004). For the analysis of leaf
development, material of A. majus, S. rexii, and S. glandu-
losissimus was collected from plants cultivated at RBGE.

Morphological observations

Seedlings were observed under a stereomicroscope SMZ-10
(Nikon, Tokyo, Japan), or by SEM. For SEM, the samples
were prepared and the growth stages defined as described
previously (Nishii and Nagata 2007).

Cloning of ARP and BP homologs from Streptocarpus

Total RNA was extracted using TRIZOL (Invitrogen, CA,
USA). First strand complementary DNA (cDNA) was
synthesized with Oligo dT primer [d(T)18] and M-MulV

Reverse Transcriptase (New England Biolabs: NEB, MA,
USA). ARP PCR products were obtained using degenerate
primers designed in the MYB domain conserved between
AmPHAN (A. majus), LePHAN (S. lycopersicum) and
NtPHAN (Nicotiana tabacum), “sphan-a” and “sphan-d”
(Sup 4 for all primer sequences used here), while BP was
amplified by PCR using degenerate primers based on
regions from KNOX1 to the homeodomain conserved
between BP/KNAT1 (A. thaliana), NTH20 (N. tabacum),
TKN1 (S. lycopersicum), and SNAP1 (A. majus, Dr. A.
Hudson, pers. comm.), “sth1aF” and “sth5aR”. The
amplified DNA fragments were subcloned using the pGEM
T Easy Vector System (Promega, WI, USA) and sequenced
through the sequencing service of RBGE, and Academia
Sinica (Taiwan).

Inverse PCR was performed to extend the ARP sequen-
ces. One microgram of genomic DNA, extracted using the
Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden, Germany),
was digested with HindIII (NEB), then self-ligated using T4
DNA ligase (NEB), and used for PCR reactions with the
SrARP specific primers “stphan850F” and “stphan749R”
designed here.

5′-Rapid amplification of cDNA ends (RACE) was
performed with the SMART RACE cDNA Amplification
kit (Clontech, CA, USA) following the manufacturer’s
protocol. A 3′-RACE was performed to extend the 3′-end of
BP. After the first strand cDNA was amplified with Oligo
dT-3sites Adapter primer (Takara, Otsu, Japan), the cDNA
was used for PCR reactions with the 3sites Adapter primer
(Takara) and primer “sth2dF” designed here.

Homology analyses

Deduced amino acid sequences of the conserved MYB
regions of reported plant MYB-like proteins (Sup 2) for
ARP, and those of conserved KNOX1, KNOX2, ELK, and
homeobox domain sequences of reported KNOX1 genes
(Sup 3) were aligned with the respective sequences
obtained here, using Genetix version 5.0 (Genetix Ltd.,
New Milton, UK). Separate ARP and KNOX1 neighbor-
joining trees were constructed using PAUP version 4.0b10
(Swofford 2002). Branch support analyses involved
100,000 bootstrap replicates.

Gene expression analyses by RT-PCR

ARP and BP expression in seedlings of S. rexii and S.
glandulosissimus was analyzed by RT-PCR. RNA was
extracted from different samples and treated with DNase
RQ1 (Promega, WI, USA). cDNA was synchronized as
above and was PCR-amplified using different primer pairs
(Sup 4). The expression of the ACTIN gene or 18S
ribosomal RNA (rRNA) was used as internal controls.
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Gene expression analyses by real-time PCR

Total RNA extracts were treated as above. To conduct the
two-step real-time PCR, cDNA was synthesized using
SSPIII reverse transcriptase (Invitrogen). We conduct the
real-time PCR using the KAPA SYBR FAST qPCR Kit
(Kapabiosystems, MA, USA) with gene-specific primer
sets designed here (Sup 4) using Primer Express (Applied
Biosystems Inc., CA, USA). Real-time PCR was conducted
in a BioRad RQ5 (Bio-Rad Laboratories, CA, USA)
following the manufacturer’s protocol. The melting curve
was analyzed for each experiment individually for each
primer set. The obtained threshold cycle (Ct) values were
analyzed by REST (Pfaffl et al. 2002). 18S ribosomal RNA
was used as internal standard. Control samples to obtain
relative expression levels were whole seedlings (50 days
after sowing, DAS) or an entire plant with several
phyllomorphs (120 DAS) for S. rexii and a shoot apex of
a mature plant with several pairs of leaves for S.
glandulosissimus. Experiments were conducted in tripli-
cates for each sample and repeated at least two times.
Relative gene expression levels were calculated and a
hypothesis test [P(H1)] performed with REST.

Gene expression analyses by in situ hybridization

Digoxygenin-labeled (DIG) RNA probes for ARP and BP
were generated using an in vitro transcription kit (Roche
Diagnostics GmbH, Mannheim, Germany) according to the
manufacturer’s protocol. ARP and BP DNA fragments were
amplified from cDNA prepared by PCR with primers
“stphan850” and “sphan-d” for ARP and “sth1aF” and
“sth5aR” for BP. The probe positions were as follows: from
847 to 1,041 bp for SrARP, 847–1,011 bp for SglARP,
487–874 bp for SrBP, and 517–906 bp for SglBP,
respectively. Sense transcripts were used as negative
controls. Hybridization and immunological detections were
performed as described before (Mantegazza et al. 2007).
Images of in situ hybridization were taken with optical
microscopes Axiophot2 (Carl Zeiss Ltd., Welwyn Garden
City, UK) and Optiphot-2 (Nikon).

Assessment of leaf development and meristematic activity

We plotted the number of veins against leaf size from
primordia initiation to final size in comparison to A. majus
of Plantaginaceae, a family closely related to Gesneriaceae.
The leaves of most flowering plants produce primary lateral
veins early in development and reach their maximum
number of veins long before reaching their maximum leaf
size (Poethig and Sussex 1985a). Primary lateral veins were
observed by eye in leaves more than 10 mm in length.
Leaves smaller than 10 mm in length were cleared with

chloral hydrate (Nishii et al. 2004) and observed under an
optic microscope BX51 (Olympus, Tokyo, Japan).

To pinpoint the location and duration of leaf growth in S.
glandulosissimus, the epidermal cell size in different
regions of the leaves was determined and plotted against
different stages of leaf development. The exact cell area
was measured using the graphic program NIH image (Scion
Co. MD, USA).

To identify dividing cells in developing leaves of S.
glandulosissimus, aniline blue staining for the fluorescent
detection of β-1,3 glucan, which is contained in newly
formed cell walls, was conducted as described before
(Nishii et al. 2004). Samples were observed under a
fluorescence microscope (AX70, BX51, Olympus) using
U-excitation. We observed the aniline blue stained cell
walls of epidermal and subepidermal cell layer from the
adaxial side, where no stomatal division occurs in Strepto-
carpus (Noel and Van Staden 1975).

To investigate the link between the extended basal
meristem activity in S. glandulosissimus with meristem
genes, we analyzed the expression patterns of SglARP and
SglBP in leaves at different developmental stages by
RT-PCR and real-time PCR. To demonstrate cell division
activity in the leaves of S. glandulosissimus, we also
analyzed the expression pattern of Histone H4 (H4),
because H4 expression suggests a proliferating state of
tissues (Fobert et al. 1994). A partial sequence of the H4
gene was isolated from S. glandulosissimus cDNA, with
the degenerate primer pair “SiH4-MSG-F” and “SiH4-
AVT-R”. To verify the homology, the deduced amino acid
sequence of SglH4 was aligned with reported H4 genes
(Sup 1). RT-PCR and real-time PCR experiments were
conducted as above.

Results

Cloning of SrARP and SrBP genes

SrARP isolated from S. rexii showed a sequence similarity
in the MYB domain of 88% compared to AmPHAN at the
protein level and 74% identity at the nucleotide level.
SglARP from S. glandulosissimus showed 98% identity at
the protein level and 96% identity at the nucleotide level,
compared to SrARP (Fig. 2). In the protein neighbor-joining
tree of the MYB domain, SglARP and SrARP fell next to
AmPHAN in an ARP gene clade (bootstrap support 98%),
indicating that the Streptocarpus sequences were likely
ARP homologs (Fig. 2b).

SrBP isolated from S. rexii showed 86% identity at the
protein and 75% at the nucleotide level in the conserved
domains compared to AtBP (Fig. 3). SglBP from S.
glandulosissimus was similar to SrBP by 97% at the protein
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and 96% at the nucleotide level. Their homology to other
BP genes was supported by the neighbor-joining analysis,
in which SrBP and SglBP grouped with other BP-like
KNOX1 genes, including AtBP. The bootstrap value
supporting this Eudicot BP-like KNOX1 gene clade was
78% (Fig. 3b).

SrARP and SrBP are expressed predominantly
in the proximal region of the macrocotyledon of S. rexii

Shortly after germination (15 DAS) during the isocotylous
stage, expression of SrARP and SrBP was observed in
cotyledons by RT-PCR (Fig. 4a). At this stage, no
significant difference in size was observed between the
two cotyledons (0.55±0.09 mm and 0.6±0.09 mm long;
n=12, Student’s t test, P>0.05). By 50 DAS, anisocotyly
was fully established, the length of the macrocotyledon
2.65±0.27 mm and that of the microcotyledon 0.75±
0.14 mm (n=14, 0<P<0.01 **). At this point, expression
of SrARP and SrBP in the seedling was predominant in the
proximal region of the macrocotyledon (Fig. 4a).

The real-time PCR results (Fig. 4b) were congruent with
those from RT-PCR, assessing the spatial expression of

SrBP and SrARP in 50 DAS seedlings of S. rexii. The real-
time PCR analysis confirmed that co-expression was
confined to the proximal region of the macrocotyledon
and absent from the distal region of the macrocotyledon.
The vegetative developing phyllomorph of mature S. rexii
plants showed SrBP and SrARP expression whereas in the
flowering phyllomorph virtually no expression was detect-
able (Fig. 4b).

In situ hybridization of SrARP on anisocotylous seedlings
at the flat groove meristem stage, 30 DAS, showed
expression in the proximal region of the macrocotyledon,
where the basal meristem is expected to form (Fig. 5a).
Further expression was seen in the groove meristem and in
the vasculature. SrARP signals were also observed in cells of
the bulged groove meristem, 60 DAS (Fig. 5b). At the “leaf
formation” stage (sensu Nishii and Nagata 2007) (65 DAS),
SrARP was expressed in the developing lamina of the newly
formed phyllomorph (Fig. 5e). At the junction of its
petiolode and the midrib of the developing phyllomorph,
SrARP was expressed throughout the basal meristem
(Fig. 5i) and the groove meristem (Fig. 5j) (see also
Fig. 1d for the cotyledonary phyllomorph). SrBP showed a
very similar expression pattern to SrARP (Fig. 5c, d, g, k, l).

Fig. 2 a Alignment of Strepto-
carpus ARP genes, Antirrhinum
PHAN and Arabidopsis AS1,
indicating the conservation of
regions at the amino acid level.
b Neighbor-joining tree based
on deduced amino acid sequen-
ces of MYB-like genes using the
conserved MYB domain.
Bootstrap values are shown
along the branches. Branches
without values received less
than 50% bootstrap support.
AtMYB97, FLP, AtAS1, Arabi-
dopsis thaliana; SkARP, Selagi-
nella kraussiana; ZmRS2, Zea
mays; OSMYB4, OsRS2, Oryza
sativa; NtMYBGR1, NtPHAN,
Nicotiana tabacum; LePHAN,
Solanum lycopersicum;
AmPHAN, AmPHAN2,
Antirrhinum majus; SrARP,
Streptocarpus rexii; SglARP,
S. glandulosissimus
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ARP and BP expression patterns in the caulescent
S. glandulosissimus

As in S. rexii, SglARP and SglBP expression was observed in
the proximal region of the macrocotyledon of the caulescent
S. glandulosissimus (Fig. 5m, o). In older plants, SglARP and
SglBP were co-expressed in the SAM as well as in the
emerging leaf primordia (leaf 1 = L1) (Fig. 5p, q, s). In L2 of
the next node, SglARP and SglBP expression was observed
in the vascular tissues and throughout the lamina (Fig. 5p–v).

Leaf growth and meristematic activity

Because the in situ results showed a very similar co-
expression of ARP-KNOX1 genes in all vegetative meris-
tems, and leaf primordia, of caulescent and acaulescent
Streptocarpus species, we examined and characterized the

leaf meristems in these species over longer periods of
development, using four different approaches. Leaves of A.
majus, used here as a control species, showed no increase in
the number of the primary lateral veins as they grow from
10 mm to their maximum size of 80 mm indicating that this
growth was simple expansion (Fig. 6a). Streptocarpus
leaves of both species, however, showed a steadily
increasing leaf length and number of primary lateral veins
almost to their final leaf size, with the only difference that
leaves in S. rexii grew larger (Fig. 6a). This shows new leaf
lamina being produced.

The leaf epidermal cell size in S. glandulosissimus
during leaf development showed that initially cells in all
regions of S. glandulosissimus leaves were small, but those
in the middle and distal region soon enlarged, from 10 mm
leaves onwards (Fig. 6b). Cells in the proximal region
remained small for much longer, up to a leaf size of ca.

Fig. 3 a Alignment of Strepto-
carpus BP and STM genes, and
Arabidopsis BP and STM genes
indicating the conservation of
the KNOX1/2, ELK, and
HOMEODOMAIN regions at
the amino acid level.
b Neighbor-joining tree based
on deduced amino acid sequen-
ces of the KNOX gene family,
using the KNOX and
homeodomain-related conserved
region. Bootstrap values are
shown along the branches.
Branches without values
received less than 50% bootstrap
support. OSH15, Oryza sativa;
rough sheath 1, Zea mays;
KNAT2, KNAT6, AtSTM, AtBP,
Arabidopsis thaliana; KNAP1,
Malus domestica; NTH20,
NTH15, Nicotiana tabacum;
Tkn1, LET6, Solanum lycoper-
sicum; SsSTM1, Streptocarpus
saxorum; SdSTM1, S. dunnii;
SrSTM1, SrSTM2, SrBP, S. rexii;
SglBP, S. glandulosissimus
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45 mm (approx. 70% final leaf size), beyond which they
increased gradually and reached a similar size to cells of the
mid and distal region.

In S. glandulosissimus cell divisions, as indicated by
aniline blue staining, were observed throughout the
primordium up to 4 mm size (Table 1). As develop-
ment proceeded, the region with dividing cells, the arrest
front (Nath et al. 2003), gradually shifted towards the
proximal region (Fig. 7), and when the leaves were 20 to
29 mm long, cell division was observed only in the
proximal region. This pattern remained until leaves
reached 40 to 49 mm in size (∼70% final leaf length).
Beyond leaf sizes of 50 mm, cell division was no longer
observed (Table 1).

RT-PCR results in S. glandulosissimus showed that both
SglARP and SglBP genes were expressed in 10- and
20-mm-long leaves. Both genes were found only in the
proximal region of leaves 35 mm long, but not in leaves
45 mm or longer (Fig. 8a). Histone H4 expression
examined in S. glandulosissimus showed expression in all
regions of leaves up to 45 mm length and was thus

expressed slightly longer compared to SglARP and SglBP
(Fig. 8a). This might be due to cell division in the
procambium and the development of stomata that only
occur on the abaxial surface of leaves in Streptocarpus
(Noel and Van Staden 1975).

Fig. 4 a RT-PCR transcription patterns of SrARP and SrBP in S. rexii.
Gene expression was examined by RT-PCR in isocotylous (15 DAS)
and anisocotylous seedlings (50 DAS), and in different regions as
indicated, and whole seedlings were used as the control. ACTIN gene
was used as internal standard. In the 15 DAS seedlings, both of SrARP
and SrBP expressions were observed in the cotyledons. In the 50 DAS
seedlings, ARP and BP expressions were observed in the proximal
region of the macrocotyledon. ARP gene was very weakly detected in
the distal region of the macrocotyledon. b Real-time PCR expression

pattern of SrBP (open bars) and SrARP (shaded bars). Relative
expression levels as calculated by REST (±standard error bars, n=3),
in various seedling tissues in relation to whole seedlings 50 DAS, and
vegetatively developing and flowering phyllomorphs in relation to an
entire plant (120 DAS). Open bars: SrBP, shaded bars: SrARP. pMc
proximal region of the macrocotyledon, dMc distal region of the
macrocotyledon, mc microcotyledon, vP vegetatively developing
phyllomorph, fP flowering phyllomorph. *P(H1)<0.05 indicates
significant difference to control samples

Fig. 5 In situ expression patterns of ARP and BP in Streptocarpus
rexii and S. glandulosissimus. a–l S. rexii. m–v S. glandulosissimus.
Left two columns: ARP. Right two columns: BP. a, c LS of
anisocotylous seedlings 30 DAS at the flat groove meristem stage.
b, d LS of seedlings with bulged GM 60 DAS. e, g LS of seedlings
with newly developing first leaf 65 DAS. f, h Negative control treated
with sense SrARP (f) and sense SrBP (h) probes. No blue or purple
signal was detected. Yellow or brown colors are background. i–l TS
through petiolodes of developing phyllomorphs, at the level of the BM
(i, k), and GM (j, l). m, o LS of anisocotylous seedlings 30 DAS. n
Negative control, treated with sense SglARP probe. p, q Serial TSs
through the shoot apex of a mature plant. r–t Serial LSs through the
shoot apex in mature plants, the level of the SAM and L2 (r, t) and L1
and L2 (s). u, v Schematic illustrations of the planes of sectioning in r.
Shaded areas indicate gene expressions domains. Arrows indicate
regions of gene expression, detected as purple or blue colors. b basal
meristem, g groove meristem, L1 leaf 1, L2 leaf 2, Mc macro-
cotyledon, mc microcotyledon, pp phyllomorph primordia, SAM shoot
apical meristem, v vascular bundle, 1p first phyllomorph

b
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The expression levels of SglBP and SglARP genes as
detected by real-time PCRs were high in the proximal
region of 15-mm leaves, but not in the distal region. The
expression level decreased in 35-mm leaves compared to
15-mm leaves, and virtually no expression was detected in
50- or 60-mm leaves. SglH4 expression was detected in both,
proximal and distal, regions of a 15-mm leaf, and proximal
region of 35-mm leaves. Very little SglH4 expression was
detected in the distal region of 35-mm leaves.

Discussion

KNOX1 and ARP genes in Streptocarpus

In this study, we have isolated the developmental genes
ARP and BP-like KNOX1 from the acaulescent S. rexii and
the caulescent S. glandulosissimus. We deduced their
homology to ARP and KNOX1 genes by sequence
similarity and phylogenetic analyses.

Together with STM1, a STM homolog (Harrison et al.
2005a) already cloned and characterized for acaulescent
and caulescent Streptocarpus species, we are able to
comparatively investigate the involvement of three genes
in the meristem and leaf/phyllomorph development in
Streptocarpus.

KNOX1 and ARP genes are involved in macrocotyledon
growth

The macrocotyledon of Streptocarpus is a unique feature of
many Old World Gesneriaceae (Burtt 1970), and their
development cannot be easily compared to cotyledons of
other angiosperms. In a previous study, SrSTM1 expression
seemed to be implicated in the activity of the basal meristem
during macrocotyledon growth in S. rexii (Mantegazza et al.

Fig. 6 Leaf development in Streptocarpus and Antirrhinum. a
Number of primary lateral veins plotted against leaf length for S.
rexii (open circles), S. glandulosissimus (closed circles), and A. majus
(open squares). b Epidermal cell size on the adaxial leaf surface
plotted against size of developing leaves of S. glandulosissimus. Cells
were measured near the base (open circles), the middle (closed
squares), and tip (open squares) region of leaves. Each data point is
the average of 10 measurements (error bars indicate SD)

Table 1 Prolonged cell division activity in the proximal region of S. glandulosissimus leaves

Longitudinal leaf length (mm) No. of samples Segment position

A B
Proportion of segments showing divisions

0 4 23 1.00 1.00 0.91 0.61

5 9 19 1.00 1.00 0.42 0.00

10−
−
−

19 18 1.00 0.72 0.00 0.00

20−29 16 0.63 0.06 0.00 0.00

30−39 15 0.60 0.00 0.00 0.00

40−49 6 0.33 0.00 0.00 0.00

50−70 8 0.00 0.00 0.00 0.00

C D

Leaves were divided into four segments, proximal to distal. Each segment was categorized for presence and absence of cell division, as indicated
by aniline blue staining, and the proportion of segments showing division calculated. A: proximal, B: proximal-middle, C: distal-middle, D: distal
segment. Shading indicate absence of cell division
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2007). Here, we can report that SrARP and SrBP are also
expressed in the basal meristem of the macrocotyledon in
this species (Figs. 4, 5, and 9), and together with SrWUS,
another meristem gene expressed in the leaves of S. rexii
(Mantegazza et al. 2009), it seems that the expression of
several meristem genes is spatially and temporally shifted in
Streptocarpus compared to Arabidopsis. However, later
stages of leaf development, such as acquisition of adaxial/
abaxial polarity are not changed in Streptocarpus, and
accordingly, the polarity gene FIL is expressed in S. rexii
in a similar pattern as in Arabidopsis (Tononi et al. 2010).
Although the macrocotyledon in caulescent Streptocarpus
species does not grow indeterminately as the “phyllomorph”
of acaulescent species (Jong 1970), co-expression of ARP
and KNOX1 genes was also found in the macrocotyledon of
S. glandulosissimus (Figs. 5 and 9). This suggests that there
is a common mechanism, at least for the genes analyzed
here, for macrocotyledon growth and subsequent meristem
development in Streptocarpus.

KNOX-ARP expression patterns during leaf development
in Streptocarpus

In many angiosperms, the expression of ARP genes is
restricted to leaf primordia, while KNOX1 genes are
expressed mainly in the SAM that is maintained in an

undifferentiated state (Long et al. 1996; Waites et al. 1998;
Byrne et al. 2000).

We demonstrate that in the Streptocarpus species
analyzed here, irrespective of whether acaulescent or
caulescent, ARP and BP-KNOX1 homologs are co-
expressed in the SAM/groove meristem, and in the leaf/
phyllomorph, i.e. leaf primordia and basal leaf meristem
(Figs. 4, 5, 8, and 9), and are not expressed in flowering
phyllomorphs where the basal meristematic activity had
ceased (Fig. 4b). Another KNOX1 homolog, SrSTM1, has
previously been shown to be expressed in S. rexii in a
pattern very similar to SrBP here (Harrison et al. 2005a;
Mantegazza et al. 2007). This is very different from the
expression of these genes in Arabidopsis. It may be that
KNOX1 homologs in general show an extended expression
domain, extending into the leaf in Streptocarpus, but this
remains to be tested.

Previous results described the expression of KNOX1
proteins in the SAM of the caulescent S. saxorum (Harrison
et al. 2005a), which is consistent with our results here. This
work also showed the down-regulation of KNOX in
incipient leaf primordia in the SAM, but we have not
detected such down-regulation in the SAM of S. glandulo-
sissimus. This is either due to interspecific differences, or
our limited in situ hybridization studies, because down-
regulation of KNOX1 gene expression in incipient leaf

Fig. 7 Development of the
arrest front of cell division in
Streptocarpus glandulosissimus
leaves at early stages of devel-
opment, as indicated by aniline
blue staining. a Fluorescing
newly formed cell walls after
cell division under UV (arrows).
b Cell division patterns of
epidermal and sub-epidermal
regions in leaves observed from
the adaxial surface. Open
circles: cell planes stained
with aniline blue, closed
squares: leaf contour
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primordia may be a short-lived event that is hard to detect
given the sporadic activity of Streptocarpus SAMs
(J. Harrison pers. comm.).

The similarity in gene expression in the present study
between acaulescent and caulescent Streptocarpus species
suggests that ARP and KNOX1 genes are not responsible
for the differences between the SAMs of caulescent
Streptocarpus and groove meristems of acaulescent Strep-
tocarpus (Fig. 9, see also Mantegazza et al. 2007).
However, the co-expression of ARP and KNOX1 in the
SAM and leaf primordia in simple leaved species is a novel
observation for angiosperms (Table 2). ARP-KNOX1 co-
expression in the SAM and leaf primordia has been
reported in compound leaved angiosperms, such as S.
lycopersicum and ferns (Koltai and Bird 2000; Harrison et
al. 2005b; Table 2). KNOX1 expression in leaf primordia
was observed in simple leaved plants with complex
primordia (Bharathan et al. 2002). However, Streptocarpus
is simple leaved, with simple leaf primordia (Lai 2001;
Barth et al. 2009).

Simple leaves are ancestral in the sister orders Lamiales
to which Gesneriaceae belong and Solanales (including S.
lycopersicum) (Bharathan et al. 2002; Wortley et al. 2005).
The co-expression of ARP-KNOX1 genes could be a shared
ancestral characteristic of S. lycopersicum and Streptocar-
pus. However, A. majus, a close relative of Streptocarpus in
Lamiales, has a mutually exclusive ARP-KNOX1 gene
expression similar to A. thaliana (Waites et al. 1998). This
may indicate that the genetic pathway of ARP-KNOX1 is
highly plastic and can alter rapidly. The variation in
ARP-KNOX1 expression patterns across the angiosperms
phylogeny given in Table 2 supports this plasticity.
Whether a change in the interaction between ARP and

Fig. 9 Summary of expression pattern of ARP and KNOX1 genes in
vegetative meristems of Streptocarpus compared to model plants. ARP
and KNOX1 gene co-expression was observed in the proximal region
of the macrocotyledon (a), the meristems in phyllomorphs of the
rosulate S. rexii (b), and the SAM and leaf primordia in the caulescent

S. glandulosissimus (c), whereas in model plants with simple leaves,
such as Arabidopsis thaliana and Antirrhinum majus, ARP is
exclusively expressed in leaf primordia, and KNOX1 in SAMs of
seedlings (d) or mature plants (e) (Waites et al. 1998; Byrne et al.
2000; reviewed in Hake et al. 2004)

Fig. 8 a RT-PCR transcription pattern in Streptocarpus glandulosis-
simus. Gene expression of SglARP and SglBP was examined in the
leaves of different sizes and different regions as indicated. Histone4
(SglH4) was used as indicator for cell division, and ribosomal 18S RNA
(r18S) as internal standard. b Real-time PCR expression pattern. Relative
expression level of SglARP (open bars), SglBP (shaded bars—light
gray), and SglH4 (shaded bars—dark gray) as calculated by REST
(±standard error bars, n=3) in S. glandulosissimus leaves of various sizes
in relation to a shoot apex, using the 18S rRNA expression as the internal
standard. pL proximal leaf region, dL distal leaf region. *P(H1)<0.05
indicates significant difference to control samples
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Table 2 Expression profiles of ARP and KNOX1 genes/proteins in developing leaves (KNOX1 down-regulation in leaf primordia was not
considered in this table) and SAM/GM of diverse plants

Species Leaf type Gene/antibody Expression in References

SAM/
GM

leaf

Streptocarpus rexiia, c (a) Simple: phyllomorph SrSTM1 + (GM) + Mantegazza et al. (2007)

SrBP + (GM) + This study
SrARP + (GM) +

Streptocarpus
glandulosissimusb, c (a)

Simple SglBP + + This study
SglARP + +

Streptocarpus saxorumb, c (a) Simple Anti-KNOX + + Harrison et al. (2005a)

Antirrhinum majusc (a) Simple AmSTM + Waites et al. (1998)
PHAN (ARP) +

Nicotiana tabacumc (a) Simple NTH15 (STM homolog) + Nishimura et al. (1999)
NTH20 (BP homolog) +

NtPHAN + McHale and Koning (2004)

Arabidopsis thalianac (b) Simple STM + Long et al. (1996)

BP/KNAT1 + Lincoln et al. (1994)

AS1 + Byrne et al. (2000)

Lepidium oleraceumc (b) Simple: complex
primordia

Anti-KNOX + + Bharathan et al. (2002)

Zea maysd Simple: with sheath knotted1 (KNOX1) + Smith et al. (1995)

rs2 (ARP) + Timmermans et al. (1999)

Tsiantis et al. (1999)

Amborella trichopodae Simple Anti-KNOX + Bharathan et al. (2002)

Welwitschia mirabilisf Simple Anti-KNOX + + Pham and Sinha (2003)

Selaginella kraussianag Simple SkKNOX1 + Harrison et al. (2005b)
SkKNOX2 +

SkARP1 + +

Solanum lycopersicumc (a) Compound Let6 (STM homolog) + + Chen et al. (1997)

Tkn1 (BP homolog) + + Hareven et al. (1996)

LePhan (ARP) + + Koltai and Bird (2000)

Cardamine hirsutec (b) Compound ChSTM + + Hay and Tsiantis (2006)

ChBP + +

ChAS1 +

Pisum sativumc (c) Compound Pskn1 (STM homolog) + Hofer et al. (2001)

Pskn2 (BP homolog) + + Tattersall et al. (2005)
Crispa (ARP) +

Osmunda regalish Compound Anti-KNOX + + Harrison et al. (2005b)
anti-ARP + +

Rows of KNOX1—not shaded, those of ARP—shaded. Of the simple leaved plants, only Streptocarpus show co-expression of KNOX1 and ARP
genes in both, SAM/GM and leaf. References refer to main publications of gene expression. (a)–(c) APGII, (a) Euasterid I, (b) Eurosid II, (c)
Eurosid I, +: gene expressions are reported
a Acaulescent rosulate
b Caulescent
c Dicot
dMonocot
e Basal angiosperm
f Gymnosperm
g Lycophyte
h Fern
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KNOX1 genes has occurred at the point of origin of the
Gesneriaceae or within the Gesneriaceae remains to be seen.

Extended basal meristematic activity is associated
with KNOX1 in Streptocarpus

An extended meristematic activity in the basal meristem
of acaulescent Streptocarpus species is well documented
(Jong 1970, 1978; Jong and Burtt 1975), and it can be
active for several years (Hilliard and Burtt 1971).
Meristem activity ceases only upon the initiation of
inflorescences (Jong 1978). We have shown here that
leaves of caulescent Streptocarpus species also show
prolonged basal meristem activity in their leaves, over
growth to about 70% of their final size. In closely related
plants, such as A. majus, cell division ceases very early in
leaf development, when leaves are about 10% of their final
length (Nath et al. 2003). Thus, basal meristematic activity
is a shared characteristic of acaulescent and caulescent
Streptocarpus. We suggest that the prolonged basal
meristematic activity is linked to the unorthodox co-
expression of ARP and KNOX1 genes in the simple
Streptocarpus leaves. This idea is supported by the
observation of KNOX1 expression in the basal meristem
region of the simple leaves of Welwitschia, another plant
with a greatly extended basal leaf meristem (Pham and
Sinha 2003). Though KNOX1 and ARP gene interactions
in the leaf are required to form compound leaves in tomato
and C. hirsuta (Kim et al. 2003a, b; Hay and Tsiantis
2006), the role of KNOX1 proteins is to act at specific leaf
development stages to delay leaf maturation, enabling
leaflet formation (Shani et al. 2009). In C. hirsuta,
KNOX1-STM protein also prevents the precocious exit
of tissues from meristematic activities into differentiation
pathways, thus promoting leaflet initiation (Hay and
Tsiantis 2006). In both cases, KNOX1 gene expression
in leaves seems to maintain an undifferentiated state in
leaves and promotes extended cell division capability, in
effect extending the meristematic phase of leaves. The
basal expression of KNOX1 genes in the leaves of
Streptocarpus may have the same role here, while the
co-expression of ARP may maintain leaf identity. Func-
tional analysis via transgenes and mutagenesis may
address this.

In conclusion, we have demonstrated that ARP and
KNOX1 genes are co-expressed in the basal meristems of
macrocotyledons and leaves/phyllomorphs and in meris-
tems (both SAM/groove meristems) of the acaulescent S.
rexii and caulescent S. glandulosissimus. Observations of
cell division pattern during leaf development suggested that
acaulescent and caulescent Streptocarpus possess an ex-
tended basal meristematic activity in leaves. This could be
related to ARP/KNOX1 gene co-expression in that region.

This appears to represent a case of convergent appropriation
of the ARP-KNOX1 pathway to confer indeterminate cell
fate to some cells in the leaf. In tomato and C. hirsuta, this
is associated with leaflet formation, but in Streptocarpus,
with additional lamina area. Further studies of ARP and
KNOX1 in this genus might be important to unravel the
genetic mechanisms controlling cell division pattern and
leaf organization.
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