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Abstract 
In plants, asymmetric cell divisions result in distinct cell fates forming large and small daughter cells, adding to the cellular 
diversity in an organ. SCARECROW (SCR), a GRAS domain-containing transcription factor controls asymmetric periclinal 
cell divisions in flowering plants by governing radial patterning of ground tissue in roots and cell proliferation in leaves. 
Though SCR homologs are present across land plant lineages, the current understanding of their role in cellular patterning 
and leaf development is mostly limited to flowering plants. Our phylogenetic analysis identified three SCR homologs in 
moss Physcomitrium patens, amongst which PpSCR1 showed highest expression in gametophores and its promoter activity 
was prominent at the mid-vein and the flanking leaf blade cells pointing towards its role in leaf development. Notably, out 
of the three SCR homologs, only the ppscr1 knock-out lines developed slender leaves with four times narrower leaf blade 
and three times thicker mid-vein. Detailed histology studies revealed that slender leaf phenotype is either due to the loss of 
anticlinal cell divisions or failure of periclinal division suppression in the leaf blade. RNA-Seq analyses revealed that genes 
responsible for cell division and differentiation are expressed differentially in the mutant. PpSCR1 overexpression lines 
exhibited significantly wider leaf lamina, further reconfirming the role in leaf development. Together, our data suggests that 
PpSCR1 is involved in the leaf blade and mid-vein development of moss and that its role in the regulation of cell division 
and proliferation is ancient and conserved among flowering plants and mosses.

Key message 
The GRAS domain containing protein PpSCR1 regulates asymmetric cell divisions and governs leaf blade and mid-vein 
development in moss Physcomitrium patens.

Keywords Cell division · GRAS domain · Leaf shape and development · Physcomitrium patens · SCARECROW · Slender-
leaf

Introduction

Leaf shape has profound influence on light perception, car-
bon capture and thermoregulation etc., in plants (Takenaka 
1994; Nicotra et al. 2011; Leigh et al. 2017; Higuchi and 
Kawakita 2019; Tamang et al. 2023). Given their critical 
role, leaves have evolved independently multiple times (Har-
rison et al. 2005; Tomescu 2009). The large leaves with 
complex shape and anatomical features, such as megaphylls 
and microphylls, are present in vascular plants, while bryo-
phytes (non-vascular plants) have phyllids, that are small 
leaf-like organs with or without a midrib. Megaphylls of 
flowering plants have been extensively studied and the leaf 
shape determinants are quite well known. The basis of leaf 
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development has been investigated in moss (Lin et al. 2021; 
Mohanasundaram et al. 2021; Moody 2022), however, the 
factors regulating leaf shape have not been explored. The 
final shape of plant organs is determined by the cell division 
plane and the rate of cell division and expansion (Gázquez 
and Beemster 2017; Horiguchi and Tsukaya 2011). Cell divi-
sion plane attributes, such as the angle and symmetry of 
division, regulate plant tissue growth. Cells dividing at per-
pendicular angle (i.e. anticlinal divisions) to the tissue sur-
face increase the number of cells in a tissue layer, whereas 
cells dividing in parallel (i.e. periclinal divisions) to the tis-
sue surface add to the number of cell layers. Additionally, 
plant cells frequently make developmental decisions using 
asymmetric cell divisions (De Smet and Beeckman 2011).

GRAS-domain containing transcription factors, such as 
SCARECROW (SCR) and SHORTROOT (SHR), regulate 
cell division plane and organ growth in flowering plants. 
In Arabidopsis, SCR and SHR modulate radial patterning 
of the root and the proliferation of leaf cells (Scheres et al. 
1995; Dhondt et al. 2010). At the root apical meristem, the 
cortex endodermal initial cell undergoes an asymmetric 
division to form the ground tissue comprising the cortex 
and epidermis. In scr mutants, due to the loss of an asym-
metric periclinal division, a single layer of ground tissue 
was formed, having characters of both the cortex and epi-
dermis. In addition, the mutant leaf size was greatly reduced 
because SCR is required for prolonging the S-phase dura-
tion during leaf development (Dhondt et al. 2010). Hence, 
Scheres et al., (1995) suggested that the SCR transcription 
factor specifically regulates the asymmetric cell division in 
Arabidopsis root. Along with SCR, SHR and auxin gradient 
control the radial patterning and ground tissue development 
of Arabidopsis roots (Benfey et al. 1993; Clark et al. 2020; 
Perilli et al. 2012; Scheres et al. 1995).

Among all the bryophytes, leaf-like organs having mid-
veins (phyllids) are found only in mosses. The moss game-
tophores have spirally arranged phyllids (hereafter leaves) 
on their central axis and rhizoids at the base. These leaves 
exhibit heteroblasty characters, where the mature leaves are 
oblanceolate in shape with marginal serrations and a mid-
vein, whereas juvenile leaves are Y-shaped and lack mid-
veins (Barker and Ashton 2013; Dennis et al. 2019). Moss 
leaves have uni-layered leaf blade and multi-layered mid-
vein. The mid-vein is an unbranched, simple tissue com-
pared to the vasculature found in megaphylls. Interestingly, 
a common set of transcription factors govern the mid-vein 
development in mosses and the vasculature formation in 
flowering plants (Xu et al. 2014; Yip et al. 2016).

Well-orchestrated cell division plane orientation and 
series of asymmetric divisions at the shoot apex lay the foun-
dation for moss leaf primordium formation. The tetrahedral 
apical cell of moss gametophore has been shown to divide 
in three cutting faces, which leads to the formation of leaf 

apical cells in a spiral arrangement (Crandall-Stotler and 
Guerke, 1980). Elegant sector analysis and live imaging of P. 
patens leaves revealed cell division pattern in leaf develop-
ment (Harrison et al. 2009). The leaf apical cell undergoes a 
series of asymmetric cell divisions and contributes daughter 
cells basipetally to form the leaf primordium. The second 
wave of growth begins from the base of the leaf primor-
dium as each daughter cell initially undergoes two rounds of 
asymmetric cell divisions along the medio-lateral axis and 
finally gives rise to a segment of the mature leaf. Though a 
basic understanding of moss leaf primordia formation exists, 
further downstream factors controlling leaf shape have not 
been fully explored.

The homologs of SCR and other GRAS domain contain-
ing proteins have been identified in P. patens (Engstrom 
2011), and their role in asymmetric cell division is being 
studied (Ge et al. 2022; Ishikawa et al. 2023). Very recently, 
PpSHR has been shown to govern leaf vein formation in P. 
patens (Ishikawa et al. 2023), and it is positively regulated 
by PpSCR1, however the study was limited to leaf primor-
dium analysis. Here, we aimed to decipher the molecular and 
cellular basis of PpSCR1 function in moss leaf development 
using knockout and overexpression approaches, compara-
tive histology, promoter-reporter analysis and RNA-seq data 
sets. We demonstrate that out of the three SCR homologs in 
moss, PpSCR1 regulates asymmetric cell division to influ-
ence mid-vein and lamina development.

Materials and methods

Phylogenetic tree construction

To cover the full spectrum of streptophytes, the protein 
sequences of Arabidopsis thaliana (A. thaliana), Oryza 
sativa, Nymphaea colorata, Thuja plicata, Selaginella 
moellendorffii, Ceratopteris richardii, Anthoceros puncta-
tus, Physcomitrium patens, Sphagnum fallax, Marchantia 
polymorpha, Mesotaenium endlicherianum, Spirogloea 
musicola, Penium margaritaceum, Chara braunii and Kleb-
sormidium nitens were downloaded from Phytozome (https:// 
phyto zome- next. jgi. doe. gov/) and Phycocosm (https:// phyco 
cosm. jgi. doe. gov/ phyco cosm) databases. We retrieved the 
GRAS domain sequences of A. thaliana proteins and con-
structed HMM (Hidden Markov Model) profile. Using the 
GRAS domain HMM profile and hmm search tool (http:// 
hmmer. org/), homology search was performed to identify 
the GRAS domain containing proteins across streptophyte 
genomes. All the sequences were aligned using the multiple 
sequence alignment software MAFFT version 7.271 (Katoh 
and Standley 2013), and the gaps were removed using the 
trimAL program (Capella-Gutiérrez et al. 2009). An initial 
tree was prepared using RaxML, and duplicate sequences 

https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
https://phycocosm.jgi.doe.gov/phycocosm
https://phycocosm.jgi.doe.gov/phycocosm
http://hmmer.org/
http://hmmer.org/
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were removed. The best-fit model was identified using the 
ModelFinder algorithm, and a maximum likelihood phylo-
genetic tree was constructed with 1000 bootstrap replicates 
(Kalyaanamoorthy et al. 2017; Nguyen et al. 2015).

Moss culture and maintenance

Physcomitrium patens ecotype ‘Gransden’ was procured 
from International Moss Stock Center (IMSC), University 
of Freiburg, Germany and maintained in vitro (Cove et al. 
2009). Homogenized protonemal tissue was grown on cel-
lophane-overlaid BCDAT agar medium. Post homogeniza-
tion, tissues were incubated for 4–5 days in tissue culture 
incubators at 16:8 h light: dark cycle at 24 °C for all the 
experiments. For leaf width assay, seven-day-old protonemal 
filaments were inoculated in BCD and BCDAT media con-
taining 1 µM 6-Benzylaminopurine (BAP). Leaf width was 
recorded from the 9th leaf of one-month-old gametophores.

Cloning and plant transformation

The knockout constructs of the three PpSCR genes was 
prepared by cloning the 5′ and 3′ flanking regions into the 
pTN186 vector (4.5 Kb) (Supplementary Fig S2 and S3). 
The 5′ and 3′  flanking regions of the three genes were 
amplified by polymerase chain reaction (PCR) using primer 
sets (Pp_SCR1_5’_F, Pp_SCR1_5’_R, Pp_SCR1_3’_F, 
Pp_SCR1_3’_R), (Pp_SCR2_5’_F, Pp_SCR2_5’_R, 
Pp_SCR2_3’_F, Pp_SCR2_3’_R) and (Pp_SCR3_5’_F, 
Pp_SCR3_5’_R, Pp_SCR3_3’_F, and Pp_SCR3_3’_R). 
PCR products were subcloned into pGEM-T vector, and 
sequence confirmed. PpSCR1 5′ flanking region was cloned 
into the pTN186 vector between KpnI  and SalI  restric-
tion enzyme (RE) sites, and 3′  f lanking region was 
cloned between  SmaI  and  SacI  RE sites. PpSCR2 
5′  flanking region was cloned into the pTN186 vector 
between KpnI and XhoI RE sites, and 3′ flanking region 
was cloned between BamHI and NotI RE sites. PpSCR3 
5′  flanking region was cloned into the pTN186 vector 
between XhoI and HindIII RE sites, and 3′ flanking region 
was cloned between XmaI and NotI RE sites. These con-
structs were then PCR amplified using the primer pairs 
Pp_SCR1_5′_F and Pp_SCR1_3′_R, Pp_SCR2_5′_F and 
Pp_SCR2_3′_R and Pp_SCR3_5′_F and Pp_SCR3_3′_R 
(Supplementary Table S1) and used for PEG-mediated pro-
toplast transformation. Genomic DNA from ppscr1 lines 
was used to confirm the stable lines using the primer pairs 
of SCR1_KO_5’ fusion_conf F; KO_5’_sGFP_conf R and 
KO_APH4_conf_F; SCR1_KO_5’ fusion_conf R (Supple-
mentary Table S1). Stable ppscr2 and ppscr3 lines were con-
firmed using the primer pairs Sb_Kan qF and Sb_Kan_qR 
and the pair Hyg qF and Hyg qR, respectively. To develop 
PpSCR1:GUS reporter construct, the PpSCR1 promoter 

(1.9 kb) was amplified from WT genomic DNA using SCR-
1Prom_XmaI_F and SCR1Prom_XmaI_R primer pairs 
(Supplementary Table S1). Purified PCR product was cloned 
into pBI101 vector, and promoter sequence and orientation 
were confirmed through sequencing. Entire PpSCR1:GUS 
cassette was amplified using HindIII SCR1Prom F and 
HindIII_SCR1Prom_NosT R primer pairs and cloned into 
pCAMBIA1300 vector. For generation of the PpSCR1_OE 
construct, PpSCR1 was amplified from WT cDNA using 
the primer pairs attB1 SCR1 F and attB5r SCR1 R. SCR1-
GFP cassette was generated via BP-LR cloning mediated 
by the entry vectors pENTR 221 (P1P5r) and pENTR L5L2 
(containing GFP) and the destination vector pTK-Ubi Gate. 
The stable lines were confirmed through RT-qPCR with the 
primer pairs GFP qF; GFP qR and PpSCR1 qF; PpSCR1 qR 
(Supplementary Table S1).

PEG‑mediated protoplast transformation 
and transgenic line generation

PEG-mediated P. patens protoplast transformation was 
performed as per the protocol of Nishiyama (2000). In 
brief, seven-day-old protonema was digested with 1% 
(w/v) driselase mixture (Sigam-Aldrich, Bangalore, India) 
to release protoplasts and washed with 8% mannitol. Pro-
toplast mixture is then transferred to a 2% PEG solution 
containing  MgCl2 and Ca(NO3)2 and the desired DNA for 
transformation. DNA uptake by protoplast was facilitated 
by a heat shock step at 45 °C for five min. The osmolar-
ity of the protoplast solution was brought back using proto-
plast regeneration media (BCDAT + 6% mannitol + 10 mM 
 CaCl2) and incubated under darkness for cell wall regenera-
tion. Five days after transformation, regenerated protoplasts 
were transferred to selection media (BCDAT media con-
taining hygromycin (20 mg/L). After two weeks of incuba-
tion, colonies were transferred to BCDAT media for two 
weeks for relaxation. For secondary selection, colonies were 
further transferred to BCDAT media containing hygromy-
cin (20 mg/L) for additional two weeks before being sub-
jected to polymerase chain reaction (PCR) to detect 5′ and 
3′ homologous recombination.

Agrobacterium‑mediated transformation

Multiple moss lines were generated using Agrobacterium-
mediated transformation protocol described in NIBB Phy-
scobase resource (https:// moss. nibb. ac. jp/) with slight 
modifications. Briefly, Agrobacterium tumefaciens (strain 
GV2260) harbouring pCAMBIA1300-SCR1:GUS-NosT 
vector grown in 5 ml of LB/Kanamycin media for 48 h 
at 30 °C and co-cultured with 4 days old wild type (WT) 
P. patens protonema. After 2 days, co-cultured protone-
mal tissues were transferred to selection media (BCDAT 

https://moss.nibb.ac.jp/
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media supplemented with 50 µg/mL augmentin and 20 µg/
mL hygromycin). Surviving tissues through first selection 
were transferred to relaxation media (BCDAT media sup-
plemented with 50 µg/mL augmentin) and grown for a week 
and transferred to second selection media (BCDAT media 
supplemented with 50 µg/mL augmentin and 20 µg/mL 
hygromycin) for 2 weeks. Surviving lines were selected for 
GUS staining and histochemical analysis.

RT‑qPCR analysis

Total RNA was extracted from 100 mg of three-week old 
protonema and gametophore tissue, harvested from BCDAT 
media. Frozen tissue was grounded using a mortar and pes-
tle and RNA was isolated using RNAiso-Plus for RT-qPCR 
analysis. (Takara Bio USA Inc., CA, USA). Two micrograms 
of RNA samples were reverse-transcribed using oligo dT 
primers and SS-IV reverse transcriptase (Invitrogen, CA, 
USA). Specific PCR primers were designed to detect endog-
enous β-actin (Act_F, Act_R) and ubiquitin-conjugating 
enzyme E2 (E2 F, E2 R), PpSCR1 (PpSCR1_qF, PpSCR1_
qR), PpSCR2 (PpSCR2_qF, PpSCR2_qR), and PpSCR3 
(PpSCR3_qF, PpSCR3_qR) transcripts (Supplementary 
Table S1). cDNA was diluted to 1:10 concentration and rela-
tive quantification was performed using the Bio-Rad CFX96 
Touch Real-Time PCR Detection System (Bio-Rad, CA, 
USA). Cycler conditions were as follows 95 °C for 10 s; 40 
cycles of 95 °C for 5 s and 55 °C for 30 s, and an additional 
step for melting curve analysis at 95 °C for 10 s. SYBR 
green used for detection of transcripts was SYBR Premix 
Ex Taq II (Tli RNaseH Plus) from Takara (Takara Bio USA 
Inc., USA). Each plate was run with samples including no 
cDNA template control. Relative target gene expression 
levels were carried out using β-actin and ubiquitin-conju-
gating enzyme E2 as a reference genes, whose expression 
is stable (Supplementary Table S4) across different growth 
conditions in moss gametophytes (Le Bail et al. 2013). Fold-
change (sample value/ reference value) was calculated based 
on the  2−ΔΔCt method of Schmittgen and Livak (Schmittgen 
and Livak 2008).

Phenotypic characterization

One month old P. patens colonies were used to measure 
the colony diameter and gametophore height. The 7th–10th 
leaf from the apex was dissected from one month old game-
tophores, and the leaf length, width and cell numbers were 
recorded for n = 20 plants using Olympus stereomicroscope 
(Olympus, Japan) and ImageJ (Schindelin et al. 2012). To 
prepare the leaf array silhouettes, the first nine leaves of 
each transgenic line were imaged using Leica S8 APO Ste-
reo-microscope (Leica Microsystems, Germany) and traced 
using Inkscape (Version 0.92.3–1).

GUS staining

GUS staining was performed as per protocol of Jefferson 
et al. 1987 (Jefferson et al. 1987) with minor modifica-
tions. Briefly, one month old moss gametophores grown on 
BCDAT media were fixed in 0.3% formaldehyde solution 
and incubated at 37 °C for 12 h in GUS solution. After fixa-
tion with 5% formalin followed by 5% acetic acid, tissue 
was dehydrated in a series of ethanol gradients (30%–100%). 
After the complete removal of chlorophyll contents, game-
tophore and leaves were visualised and documented using 
Leica S8 APO Stereo-microscope.

Propidium iodide staining

One-month-old gametophores were submerged in a solution 
of 20 μg  mL−1 propidium iodide (PI) for 10 min, mounted on 
a slide using a drop of water and imaged using a Leica SP8 
confocal microscope with a 40 × oil immersion lens. Fluo-
rescence was observed after excitation with a 488 nm Argon 
laser at 30% laser power and detection within a range of 
600–630 nm as per previous protocols (Moody et al. 2021).

Histological analysis

For histology studies, P. patens gametophores were fixed in 
a solution of 10% formaldehyde, 50% ethanol, and 5% acetic 
acid. Chlorophyll was removed by a series of ethanol washes 
and was serially replaced with xylene followed by paraffin 
wax. Thin Sections. (10 µm in thickness) were taken using a 
Leica RM2265 microtome (Leica Microsystems, Germany). 
Sections were stained with toluidine blue to increase the 
visibility of tissue and imaged using a Zeiss Apotome micro-
scope (Carl Zeiss, Bangalore, India). To compare the phe-
notypes of leaf blade and mid-vein in terms of cell number 
and area, both WT and mutant leaf sections were analysed. 
In WT sections, the widest region (oblanceolate shape) was 
chosen, which lies around two third distance. Since the 
mutant leaf lacks the typical oblanceolate shape, the sections 
that lie approximately two third away from the base were 
used. To calculate the percentages of leaf blade and mid-vein 
area from the microtome sections, the respective areas were 
divided by the total area of the corresponding leaf. The area 
and cell number ratios between leaf blade and mid-vein were 
also determined for each leaf and subsequently compared 
between WT and mutant.

Western blot analyses

Three-week-old moss gametophores were crushed in liquid 
nitrogen and suspended in phosphate buffer saline (PBS) 
(20 mM, pH 7.4) containing 2X SDS dye and protein extrac-
tion was performed (Mohanasundaram et al. 2021). Total 
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protein from WT, 35S: eGFP and SCR1_OE lines were 
probed using polyclonal anti-GFP antibody (Cloud clone 
corp., TX, USA) at a dilution of 1:500 and goat anti-rabbit 
secondary antibody at a dilution of 1:10,000.

RNAseq analysis

Three-week-old moss colonies of WT and ppscr1#12 were 
grown under a 16:8 light and dark regime at 24℃. Under 
the stereo-microscope, 100 mg gametophore tissue was har-
vested in three bio-replicates and frozen immediately. The 
tissue was ground using pestle and mortar for total RNA iso-
lation using RNAiso Plus (DSS Takara, New Delhi, India). 
Three µg of total RNA were used to generate sequencing 
libraries using NEBNext Ultra RNA Library Prep Kit for 
Illumina (New England Biolabs, MA, USA), following 
which index codes were assigned to each sample. The library 
quality was assessed using a Bioanalyzer 2100 system (Agi-
lent Technologies, CA, USA). The clustering of the index-
coded samples was performed on a cBot Cluster Generation 
System using a TruSeq PE Cluster Kit v3-cBot-HS (Illu-
mina, CA, USA). After cluster generation, the library prepa-
rations were sequenced on an Illumina Hiseq platform, and 
150-bp paired-end reads were generated. FastQC analysis 
was performed on the raw reads to estimate the quality of the 
data. PCA analysis was carried out in R (Version 1.1.463) 
to assess the closeness of each replicate to one another. The 
raw reads were then normalised, indexed and mapped onto 
the reference P. patens genome version 3 (Lang et al. 2018) 
using the mapping mode of Salmon software (Patro et al. 
2017). Differentially expressed genes (DEGs) were uncov-
ered using the DESeq2 package in R (Version 1.1.463). 
Gene ontology was performed using the Bingo plugin of 
Cytoscape v3.4.0 by setting the q-value to FDR < 0.01 to 
detect DEGs (Supplementary Fig. S11-S13) (Shannon et al. 
2003). Functional validation of a few selected differentially 
expressed target genes was done using RT-qPCR. The list 
of primers used are provided in Supplementary Table S1.

Results

PpSCRs are land plant‑specific, GRAS domain 
containing genes

SCARECROW (SCR) proteins contain GRAS domain 
towards their C-terminal end. Our homology search analy-
sis using the GRAS domain profile-HMM identified several 
GRAS domain containing proteins in land plant genomes. 
However, among streptophycean algae, GRAS domain genes 
were found only in Zygnematophyceae (sporadically) and 
were absent in the genomes of Chara braunii and Klebsor-
midium nitens. In addition, chlorophyceae and other distantly 

related algal genomes from brown and red algae groups did 
not have GRAS domain containing proteins (Supplementary 
Table S2). These results suggested that SCR genes are land 
plant-specific. To understand the origin of GRAS domain 
containing proteins and identify its subclades, a maximum 
likelihood phylogenetic analysis was performed. We identi-
fied various clades, such as SCARECROW, SHORTROOT, 
DELLA, and PAT1. The GRAS domain genes identified 
from streptophycean algae formed a separate clade, sug-
gesting that the GRAS domain proteins have diverged 
into different clades in land plants (Fig. 1A, Supplemen-
tary Fig. S1). We also identified three SCR homologs in P. 
patens genome (PpSCR1 – Pp3c19_18560V3.1; PpSCR2- 
Pp3c21_17650V3.1; PpSCR3 – Pp3c22_13060V3.1). 
Multiple sequence analysis showed that P. patens SCR 
homologs have all the conserved motifs previously defined 
in AtSCR (Fig. 1B). Intron, exon, and domain organisation 
arrangement revealed lack of conserved introns among SCR 
homologs (Fig. 1C). However, the characteristic C-terminal 
GRAS domain arrangement remains conserved.

PpSCR1 knockout lines exhibited slender leaf 
phenotype

Knockout studies using stable transgenic lines of the three 
SCR paralogs revealed that only the ppscr1 lines showed 
a distinct slender leaf phenotype (Fig. 2, Supplementary 
Fig. S2), while ppscr2 and ppscr3 lines resembled WT 
(Supplementary Fig. S3 and S4). Coincidentally, among 
the three SCR paralogs, PpSCR1 had the highest expres-
sion in WT leaves and gametophores (Fig. 2P). Hence, we 
focused on PpSCR1 to study its role in moss development. 
The knockout lines of PpSCR1 showed slender leaf pheno-
type, which was clearly visible in the leaves of a three-week 
old gametophore (Fig. 2A-N). The overall leaf dimensions 
appeared to be greatly reduced in the mutant (Fig. 2C – E 
and H – J, Supplementary Fig. S5). The reduced leaf length 
and width of ppscr1 (Fig. 2K and L) was due to the reduced 
cell numbers at the proximo-distal and medio-lateral axes, 
respectively (Fig. 2M and N). As nitrogen availability and 
cytokinin supplementation are both known to regulate moss 
leaf size (Barker and Ashton 2013), both WT and ppscr1 
were grown in low nitrogen media containing 1 mM nitrate 
and supplemented with 1  µM BAP (6-Benzylaminopu-
rine), a cytokinin, or without BAP, serving as a control, 
in BCDAT media (mock). WT gametophores grown in 
both nitrogen deficient and cytokinin supplemented media 
exhibited increased leaf width as compared to the control. 
Though only a small increase in leaf width was observed in 
the ppscr1, it is, however, statistically significant (Fig. 2O). 
In addition, 1 µM BAP supplementation also induced the 
PpSCR1 expression in WT (Supplementary Fig. S6).
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Anatomical sections of ppscr1 leaves provided further 
insights into the changes in cell division pattern causing the 
slender leaf phenotype. A cross section of a WT gameto-
phore shows the central axis (stem) surrounded by leaves 
whose central mid-vein is flanked by uni-layered leaf blade 
cells (Fig. 3A-C). The cross section of WT showed that the 
leaf blade cells are large, compared to mid-vein cells, and 
directly contributes to the width of the leaf blade (Fig. 3D, 
E). They also revealed that ppscr1 leaves have an enlarged 
mid-vein and a narrow leaf blade compared to WT (Fig. 3F, 
G), which is reflected in the low leaf blade to mid-vein area 
ratio in ppscr1 compared to WT leaves (Fig. 3H-J). The dif-
ference in leaf blade and mid-vein size is evident from the 

WT and mutant leaf sections from the middle and the tip of 
the leaf (Supplementary Fig. S7). The ratio of leaf blade to 
mid-vein cell number showed a similar trend. Mutant leaf 
blades had less cells, which contributes to the width of the 
leaf and consequently less leaf blade area. On the other hand, 
mid-vein of mutant leaves had more cells and occupied more 
area, but their multi-layered arrangement does not contribute 
to leaf width (Fig. 3H-K). On an average, more than one leaf 
blade cells were present for every mid-vein cell in WT; how-
ever, in the case of ppscr1, for every leaf blade cell, more 
than five mid-vein cells were present. Thus, though mid-
vein cell number increased, the leaf blade cell number was 
severely decreased in mutant leaves, affecting the overall 

Fig. 1  Identification of Arabidopsis SCARECROW homologs in Phy-
scomitrium patens genome. A Maximum likelihood phylogenetic tree 
of GRAS domain-containing proteins from A. thaliana and P. patens. 
The proteins are classified into different clades, according to Bolle 
2004. The tree scale is 0.3 amino acid substitution per site. Bootstrap 
values at each node are output of 1000 replicates. The arrow points to 
the PpSCR1 gene. B Multiple sequence alignment of GRAS domain 
from SCARECROW homologs (AtSCR; AT3G54220, PpSCR1; 

Pp3c19_18560v3.1, PpSCR2; Pp3c21_17650v3.1, PpSCR3; 
Pp3c22_13060v3.1) from A. thaliana and P. patens. The motifs 
such as leucine heptad repeat I (LHRI), VHIID motif, leucine hep-
tad repeat II (LHRII), PFYRE and SAW are highlighted (Pysh et al. 
1999). C Schematics showing structure of SCARECROW homologs 
from P. patens and A. thaliana. The gene features are drawn to the 
scale. Lines represent introns, and boxes represent untranslated 
regions and exons
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width of the leaf. These leaf anatomical sections suggested 
that the differences in cell division pattern possibly caused 
the slender leaf phenotype.

Altered cell division pattern is the underlying cause 
of slender leaf phenotype

Previous studies have shown that the leaf apical cell under-
goes a series of asymmetric divisions to form different 
sectors of a leaf primordium (Harrison et al. 2009). These 
daughter cells further divide to form the leaf blade cells. 
These developmental steps indicate that mid-vein develop-
ment occurs later and presumably through further differ-
entiation of leaf blade cells. In P. patens, leaf blade cells 
are large and uni-layered, while the mid-vein cells are 

multi-layered and vary in size. To understand the cell divi-
sion pattern of leaf blade and mid-vein in WT, we analysed 
a series of transverse microtome sections from the leaf tip 
to its base. Only leaf blade cells were observed at the leaf 
tip, as mid-vein was absent at the tip of the P. patens leaf 
(Fig. 4A). Further sections towards the leaf base showed an 
increase in the number of leaf blade cells and the appear-
ance of mid-vein. The cell 0 denotes the leaf blade cells in 
the medial cell file of the section (Fig. 4B) that is replaced 
by mid-vein in the subsequent sections, as evident from the 
appearance of three layers of cells replacing the medial cell 
(cell 0) (Fig. 4B-E). Amongst the three layers, the cell files 
on the adaxial and abaxial side may have divided anticli-
nally, while the medial cell underwent several anticlinal and 
periclinal divisions (Fig. 4F-I). At the midrib, a new cell 
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emerged through an asymmetric anticlinal division of the 
leaf blade cell L1, resulting in a smaller daughter cell close 
to the mid-vein and a larger daughter cell near the leaf blade 
cells. This observation suggests an asymmetrical division 
pattern in L1 cells near the mid-vein or an indication of cell 
division activity within mid-vein. In the next series of sec-
tions, the daughter cell file appeared to have divided further 
and became indistinguishable from the rest of the mid-vein. 
On the other hand, the larger cell file did not divide and 
resembled the other leaf blade cells (Fig. 4G-I). This series 

of anatomical sections suggest that mid-vein differentiates 
from the leaf blade cells and undergoes periclinal divisions.

We also analysed the leaf sections of mutant leaves to 
understand the changes that led to the slender leaf phe-
notype. Similar to WT, mutant leaf tip sections did not 
have mid-vein (Fig. 4J). Further sections also showed the 
appearance of three cell layered mid-vein, which replaced 
the medial cell 0 (Fig. 4H-L). Similar cell division pattern 
was observed in the mid-veins of three other independent 
leaf series (Supplementary Fig. S8). In addition, periclinal 

L
ea

f 
b
la

d
e 

(l
b

)

M
id

-v
ei

n
 (

m
)

A

B

C

l
l

l

s

lb lb

m

L
ea

f 
b
la

d
e 

(l
b
)

D

F

E

lb

m
lb

m
lb

lb

G

W
T

pp
sc
r1
#1
2

WT

WT

WT

WT      ppscr1#12

 egatnecrep aera edalb fae
L

H

***

m
id

-v
ei

n 
ar

ea
 p

er
ce

nt
ag

e

I

WT      ppscr1#12

***

J

L
ea

f b
la

de
 : 

m
id

-v
ei

n 
ar

ea

WT      ppscr1#12

***

K

L
ea

f b
la

de
 : 

m
id

-v
ei

n 
ce

ll 
nu

m
be

r

WT      ppscr1#12

***

30 µm

20 µm

20 µm 20 µm

20
 µ

m
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Statistical analyses were performed with Student’s t-test. *** marks 
p-value less than 0.001
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division was absent in the leaf blade of wild type leaves 
(Fig. 4, Supplementary Fig. S8). In contrast to the WT 
pattern, the L1 cell file had undergone multiple divisions 
and had become a part of the multicell layered mid-vein 
(Fig. 4M, N). Another series of leaf sections towards the 
middle of the proximo-distal axis suggest that the R1 cell file 
may have undergone a periclinal division (Fig. 4O-R). Fur-
ther sections show that the entire R1 cell file became indis-
tinguishable from the rest of the mid-vein. Additional series 
of sections from leaves show similar periclinal divisions in 
the leaf blade cells close to the mid-vein (Supplementary 
Fig. S9). This will lead to the increase in mid-vein cell num-
ber and size at the cost of a leaf blade cell and explains the 
anatomical basis for the larger mid-veins observed in slender 

leaf. In addition, we also did not observe any anticlinal divi-
sion in the leaf blade to increase the width of leaf blade. 
Hence, we interpret that altered periclinal and anticlinal 
divisions in leaf blade cells are the cause of slender leaf 
phenotype in ppscr1.

To investigate the tissue-specific activity of PpSCR1 pro-
moter, GUS reporter gene was fused downstream 
of the  PpSCR1  promoter and two independent lines 
(PpSCR1pro:GUS_1 and PpSCR1pro:GUS_2) generated 
in WT background were selected for analysis. These trans-
genic lines did not exhibit any obviously visible phenotypic 
deviations. WT colony was used as a control where no GUS 
activity was observed (Fig. 5A-D). The PpSCR1 promoter 
reporter lines showed intense GUS activity in the stem and 
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H) contribute to the mid-vein development. Asterisk in (C) marks 

sudden increment in cell layer number. Arrow marks cell walls that 
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mid-vein of leaves and a mild activity along the base of the 
leaves (Fig. 5 E, F, I, and J). Stem cross sections showed 
ubiquitous GUS activity in the stem, whereas in leaves, 
it was prominent in mid-vein compared to the leaf blade 
(Fig. 5G, H, K, and L). GUS activity was not detected in 
rhizoids.

PpSCR1 overexpression lines exhibited wider leaves.

We also used a gain of function approach to further under-
stand the function of PpSCR1. Though the overexpres-
sion construct had GFP fusion, we could not detect GFP 
fluorescence in the PpSCR1 OE lines. Despite significant 
overexpression of SCR1 and formation of GFP transcripts 
in these lines (Fig. 6E-F), western blot analyses with anti-
GFP did not show SCR1-GFP fusion but free GFP pro-
tein was detected (Supplementary Fig S10). The PpSCR1 

overexpression (OE) lines (PpSCR1 OE#1 and#2) showed 
morphological differences in the gametophores: the OE lines 
had significantly broader leaf blades as compared to WT 
(Fig. 6 A-D). In the PpSCR1 OE#1 line, the cell number 
at the medio-lateral axis was significantly higher than WT. 
Although the cell number at the proximo-distal axes was 
decreased in the transgenic lines, no difference was observed 
in the leaf length (Fig. 6C-D). These results suggest that 
overexpression of PpSCR1 has impacted the leaf dimensions 
compared to WT.

Transcriptome analysis of ppscr1

To understand gene regulation further, we performed tran-
scriptome analysis on the knockout lines of PpSCR1 (Sup-
plementary Fig. S11). As a quality control step, the degree of 
similarity between each bio-replicate was assessed using PCA 
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analysis and plotted using scree plots (R Core Team 2021) 
(Supplementary Fig. S12). A  log2 fold cut off (± 0.58) was 
applied to find 5544 differentially regulated genes out of which 
3006 and 2538 were up- and down-regulated, respectively, in 
ppscr1. Applying an adjusted p-value of < 0.01 gave 624 and 
436 up- and down-regulated genes, respectively (Fig. 7A, B). 
Word clouds generated using R gives a visual representation 
of the highest up- and down-regulated genes in ppscr1, which 
were also validated by RT-qPCR (Supplementary Table S3; 
Fig. 7C-E). Using GO analysis, differentially expressed genes 
were classified, according to their cellular component, molec-
ular function, and biological processes (Supplementary Fig. 

S13-S15). Interestingly, genes regulating biological processes, 
such as cell division, cell growth and leaf development, cell 
cycle and cellular organization were found among the dif-
ferentially expressed genes, though these GO terms are not 
the most abundant (Supplementary Fig. S15). Callose syn-
thase (Pp3c9_4140 and Pp3c9_4143), Zinc finger domain 
containing proteins members (Pp3c5_2897, Pp3c6_26100, 
Pp3c5_2897, Pp3c16_11700, Pp3c16_11705), auxin efflux 
carriers (Pp3c10_24880), cellulose synthase (Pp3c6_4064 
and Pp3c2_1330), glucan synthase (Pp3c20_20530 and 
Pp3c24_1607), THIOREDOXIN-LIKE PROTEIN 4B 
(Pp3c22_7790) were found to be down-regulated in ppscr1 

Fig. 6  PpSCR1 overexpression lines displayed broader leaves due 
to increased cell number at the medio-lateral axis. A One-month 
old gametophores of WT and SCR1 overexpression lines; PpSCR1 
OE#1 and #2. B Representative leaf cross sections and C silhouettes 
of WT and PpSCR1 OE lines. The scale bar is 50  µm. D Boxplots 
showing comparative measurements of leaf length and width, and cell 

numbers along the proximo-distal and medio-lateral axis of WT and 
PpSCR1 OE lines (n = 30). E and F Graphs showing increased tran-
script abundance of PpSCR1 in PpSCR1 OE lines as validated by (E) 
eGFP and F PpSCR1-specific RT-qPCR (n = 3). All statistical analy-
ses were conducted using ANOVA. Bars that do not share a similar 
letter are significantly different from each other
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(Supplementary Table S3). BEACH domain containing genes 
(Pp3c5_2890), MULTIPOLAR SPINDLE 1(Pp3c7_6690), 
Rad21/Rec8-like protein, C-terminal, eukaryotic DNA 
TOPOISOMERASE 3-ALPHA (Pp3c3_26738), MICRO-
TUBULE ASSOCIATED PROTEIN (Pp3c21_9710) and 
XMAP216 (Pp3c9_24390) were among the up-regulated 
genes in the mutant (Supplementary Table S3). However, the 
genes involved in the regulation of cell cycle phase transition, 
including Cyclin-Dependent Kinases (CDKA; CDKB), Cell 
Division Cycle proteins (CDCB; CDCD) and Retinoblastoma-
Related (RBR), were not differentially expressed in the mutant.

Discussion

The molecular function of SCARECROW (SCR), a GRAS 
domain transcription factor, has been well-studied for root 
and leaf development in flowering plants. At the time we 

initiated our study, there was no literature that described 
the function of GRAS domain containing proteins in moss. 
Very recently, Ge et al., and Ishikawa et al., have demon-
strated the role of PpLAS (LATERAL SUPPRESSOR) and 
PpSHR (SHORT-ROOT) in moss leaf mid-vein develop-
ment, respectively (Ge et al. 2022; Ishikawa et al. 2023). 
In the latter study, through knockout and cell segmentation 
image analyses, authors reported that PpSCR1 and PpLAS 
have positive and negative regulatory effects on PpSHR, 
respectively. However, this study was limited to leaf primor-
dium analysis. In our current investigation, through a com-
prehensive approach, we describe the cellular and molecular 
basis of the ppscr1 slender leaf phenotype. Our results show 
that PpSCR1, a member of SCARECROW clade, governs 
leaf shape in moss by regulating cell division planes and 
proliferation.

Fig. 7  RNA-Seq analysis of WT and ppscr1#12. A Hierarchical 
clustering analysis of top 20 up/down-regulated genes displayed in 
the form of a heatmap where red and blue colours depict up- and 
down-regulated genes, respectively. B Representation of differentially 
expressed genes with numbers denoting up/down-regulated genes and 
those expressing in common and exclusively in WT and ppscr1#12. 
C Word cloud representation of top 20 differentially expressed genes 

in ppscr1#12 where word size corresponds to  Log2 changes in tran-
script abundance  (log2  fold change mutant/wild type). Word clouds have 
been generated using python (D–E). RT-qPCR based validation of 
the top (D) up- and (E) down-regulated genes in ppscr1#12 transcrip-
tome (n = 3). All statistical analyses were conducted using ANOVA. 
Bars that do not share a similar letter are significantly different from 
each other
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PpSCR1 is involved in leaf blade and mid‑vein 
development in moss

Mosses have diverse leaf shapes, such as oblanceolate 
(Physcomitrium patens), slender leaf (Bartramia pomi-
formis, Dicranum scoparium, Pleuridium subulatum), 
leaves with mid-vein protruding outside the leaf blade 
(Phascum cuspidatum), and leaves with no mid-vein 
(Sphagnum fallax) (Eckel 2004) etc. Notably, in the ppscr1 
mutant, the P. patens leaf shape changed from oblanceo-
late to slender-type (Fig. 2). Additionally, we observed 
that the ppscr1 mutant was less sensitive to both nitrogen 
availability and cytokinin supplementation (Fig. 2O), the 
two factors known to enhance the leaf width of P. patens 
(Barker and Ashton 2013). This suggests that these fac-
tors may function upstream of PpSCR1 gene. In line with 
this hypothesis, PpSCR1 expression was enhanced in WT 
tissue upon cytokinin supplementation (Supplementary 
Fig. S6).

In a previous study, Harrison et al., (2009) performed 
X-ray irradiation on chloroplast biogenesis mutant to show 
that moss leaves contain up to 17 segments or merophytes, 
which are daughter cells formed by successive asymmetric 
divisions from the leaf apical cell. Further, by using live 
microscopy, they showed that initial cell divisions inside 
a segment are longitudinal, which leads to an increased 
number of cells (anticlinal) along the medio-lateral axis, 
expanding the leaf width. We speculate that ppscr1 slender 
leaves are caused either by impaired anticlinal cell divisions 
or uninhibited periclinal divisions. Harrison et al., (2009) 
also showed that successive cell divisions in the primordium 
are along the proximo-distal axis, which is reminiscent of 
cell files observed in monocot leaves; however, moss leaf 
cell files are discontinuous and limited to their segments. 
Our histological analysis suggests that the WT moss leaf 
blade cell files flanking the mid-vein may undergo an asym-
metric anticlinal division, and the smaller daughter cell 
file becomes a part of mid-vein, while the larger cell file 
remains as a leaf blade cell. Alternatively, mid-vein cell divi-
sion could be the source of the new cell (Fig. 4 and Sup-
plementary Fig. S16). In ppscr1 mutant, the leaf blade cell 
flanking the mid-vein would divide periclinally and integrate 
into the mid-vein (Fig. 4, Supplementary Fig. S9). In line 
with our histology observations, PpSCR1 promoter activity 
was also detected throughout the main stem and leaf; how-
ever, it was more intense at the mid-vein (Fig. 5). RT-qPCR 
analysis showed high expression of PpSCR1 only in leaf 
and stem but not in the protonema (Fig. 2P). Accordingly, 
we did not find any visible difference in protonema devel-
opment of ppscr1. Recently, PpSCR1 mRNA has also been 
proposed as a marker for bud formation and gametophore 
initiation (Moody et al. 2021). All these results suggest that 
the PpSCR1 is an important factor controlling cell division 

planes to regulate leaf blade and mid-vein development in 
moss.

SCARECROW plays a conserved role in regulation 
of cell division

GRAS domain containing proteins are plant-specific, and 
they are found in all land plants and Zygnematophyceae but 
not among other charophycean algae, such as Chara brau-
nii and Klebsormidium nitens (Supplementary Table S2). 
GRAS domain containing genes in flowering plants have 
been classified into eight different clades (Bolle 2004; 
Tian et al. 2004). By including the GRAS domain contain-
ing proteins of Selaginella moellendorffii and Physcomi-
trium patens and few coding sequences (CDS) from the 
charophycean algae Spirogyra (Zygnematophyceae class), 
Engstrom et al., (2011) expanded this analysis to all land 
plants, and the authors concluded that these eight differ-
ent clades have diverged before the origin of land plants. 
Though this study suggested that GRAS domain containing 
proteins are ancient, it could not resolve the phylogenetic 
history amongst charophycean algal members because of 
the absence of genomic resources at that time. Our analy-
ses included GRAS domain containing proteins from three 
Zygnematophyceae genomes (Mesotaenium endlicherianum, 
Spirogloea musicola, Penium margaritaceum). A single 
clade consisting of most of the Zygnematophyceae proteins 
formed in the phylogenetic tree, suggesting that the previ-
ously identified eight clades, including SCR clade, are land 
plant-specific (Supplementary Fig. S1). Future analyses 
with more genomic resources could only help to identify 
the ancestral form of GRAS genes.

Moss leaves share few morphological similarities with 
flowering plant leaves (megaphylls); the leaf shape and the 
presence of mid-vein are comparable features. Our results 
suggest that the knockout lines of PpSCR1 produced leaves 
with thicker mid-vein because of the periclinal cell divi-
sion in the leaf blade cells flanking mid-vein. (Fig. 3 and 4, 
Supplementary Fig. S9). Our findings are consistent with 
a recent report, wherein the authors describe the role of 
SHR-SCR module in regulation of cell division in moss 
leaves (Ishikawa et al. 2023). Similarly, leaves of Arabi-
dopsis scr mutant were smaller compared to WT, because 
of reduced cell division along both proximo-distal and 
medio-lateral axes. scr leaf cells undergo early exit from 
the cell proliferation phase, causing reduced leaf growth 
(Dhondt et al. 2010). The maize leaf (megaphyll) is capa-
ble of C4 photosynthesis wherein a layer of photosynthetic 
bundle sheath cells surrounds the leaf vein (Chollet and 
Ogren 1973). In maize, SCR loss of function mutant leaves 
showed excess bundle sheath layers (~ 4 layers), increasing 
the overall vein diameter. This phenotype can be due to the 
increased periclinal cell division at the bundle sheath layer 
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(Slewinski et al. 2012) and is comparable to the thicker 
mid-vein of ppscr1 leaves. Furthermore, this compari-
son can be expanded to the flowering plant roots as well. 
The bundle sheath cells of maize leaves are comparable 
with the endodermis of Arabidopsis root as both layers 
of cells surround the vascular bundle and function as the 
starch sheath. The roots of Arabidopsis scr mutant have 
a single, undifferentiated layer in place of distinct endo-
dermis and cortical layers. Loss of asymmetric periclinal 
division of endodermis-cortex mother cell is the cause for 
this phenotype (Scheres et al. 1995). These results suggest 
that the role of SCR in regulating cell fate determining 
cell divisions is conserved between flowering plants and 
moss. SCR also regulates cell proliferation in P. patens 
and A. thaliana. In P. patens, mature leaves obtain their 
characteristic oblanceolate shape because of the increased 
cell division activity at the middle of the leaf along the 
medio-lateral axis; as a result, cell number along this axis 
is maximum at this region (Harrison et al. 2009). In ppscr1 
mutant, a significant reduction in cell number at the mid-
dle of leaf blade, along the medio-lateral axis caused the 
slender leaf phenotype (Fig. 2).

In contrast, PpSCR1 OE lines showed wider leaf lamina 
than WT (Fig. 6 A-D). These observations further confirm 
the role of PpSCR1 in controlling leaf shape. Despite several 
attempts, we could not detect GFP fluorescence signal in the 
PpSCR1-GFP OE lines, though GFP transcripts and free 
GFP protein were detected (Fig. 6 E, F and Supplementary 
Fig. S10), which could be due to the possible cleavage of 
the C-terminal GFP tag in these lines. The increased leaf 
width of the overexpression lines suggests a direct corre-
lation between leaf width and PpSCR1 expression levels. 
Additionally, our RNAseq analysis of the ppscr1 showed 
that the genes responsible for cell division and proliferation, 
cell growth and leaf development were significantly down-
regulated (Supplementary Table S3), suggesting the role of 
PpSCR1 in regulating leaf shape through cell division. In 
a previous report of PpSHR, the authors hypothesised that, 
similar to Arabidopsis, all GRAS domain containing pro-
teins in moss may be involved in the regulation of G2/M 
cell cycle progression (Ishikawa et al. 2023). However, our 
transcriptome analyses of the ppscr1 mutant did not reveal 
differential regulation of cell cycle checkpoint factors, 
including Retinoblastoma-Related (RBR), Cyclin-Depend-
ent Kinases (CDKA; CDKB) and Cell Division Cycle pro-
teins (CDCB; CDCD). This indicates that PpSCR1 may not 
be involved in G2/M cell cycle transition. In summary, our 
results demonstrate that PpSCR1 is indispensable for moss 
leaf development. Given the functional conservation of 
SCR in bryophytes and flowering plants, and the fact that it 
originates before the divergence of vascular and nonvascular 
plants, we propose that the role of SCR in controlling cell 
division and cell proliferation is ancestral.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11103- 023- 01398-6.
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