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Figure 1. Phylogeny and expression profiles of stomatal patterning genes in Physcomitrella 

patens (A,C,E) Phylogenetic trees constructed using amino acid sequences of selected 

Arabidopsis EPF1 (A), TMM (C) and ERECTA (E) gene family members based on 

Phytozome V11 (Goodstein et al., 2012), using the Neighbour-joining method (Saitou and 
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Nei, 1987; Takata et al., 2013) on MEGA6 (Tamura et al., 2013). The percentage of replicate 

trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) 

are shown next to the branches (Felsenstein, 1985).  Amino acid sequences from P. patens 

(Pp), S. moellendorffii (Sm), Z. mays (Zm), S. tuberosum (St), M. truncatula (Mt) and A. 

thaliana (At) were used to generate trees, except for ERECTA, where S. moellendorffii and 

S. tuberosum gene family members were omitted, owing to the large overall number of 

genes in the ERECTA family. For complete analyses of all three gene families see Fig. S1. 

(B,D,F) Expression profiles of (B) PpEPF1 (D) PpTMM and (F) PpERECTA1 based on 

microarray data taken from the P. patens eFP browser (Ortiz-Ramírez et al., 2015; Winter et 

al., 2007) for spore, protoplast, protonemal, gametophyte and sporophyte tissue. Red 

indicates a relatively high transcript level, with the arrows highlighting phases of sporophyte 

development when the respective genes appear to be relatively highly expressed. For the 

expression profiles of other PpERECTA gene family members see Fig. S2. 
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Figure 2. EPF function is conserved in Physcomitrella patens. (A,B) Fluorescence images of 

the base of the sporophyte from (A) WT (B) ppepf1-2 plants. Stomata (bright white 

fluorescence) are spaced around the base in a ring with an increased number in ppepf1-1. 

(C,D) Bright-field lateral views of the sporophyte base from (C) WT (D) ppepf1-2 plants. In 

WT, stomata are surrounded by epidermal cells (red dots) whereas in ppepf1-2 stomata 

occur in clusters. (E) Number of stomata per capsule in wild-type and three ppepf1 mutant 

lines. Lines indicated with different letters can be distinguished from each other (P < 0.001) 

(one-way ANOVA with multiple comparisons corrected using a Dunnett’s test, n=7). (F) RT-
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PCR analysis of the WT and transgenic lines shown in (E) with expression of (upper panel) 

PpEPF and (lower panel) a PpRBCS control. (G,H) Fluorescence images of the base of the 

sporophyte from (G) WT (H) PpEPF1OE plants. Fewer stomata are visible in the PpEPF1OE 

sporophyte. (I,J) Bright-field lateral views of the sporophyte base from (I) WT (J) PpEPF1OE 

plants with a possible stomatal precursor (yellow dot) indicated (K) Number of stomata per 

capsule in wild-type and three PpEPFOE mutant lines. Lines indicated with different letters 

can be distinguished from each other (P < 0.001) (one-way ANOVA with multiple 

comparisons corrected using a Dunnett’s test, n=8). (L) RT-PCR analysis of the WT and 

transgenic lines shown in (K) with expression of (upper panel) PpEPF1 and (lower panel) 

PpRBCS control transcript. Scale bars: A,B,G,H = 100µm; C,D = 50µm; I,J= 25 µm. Error 

bars = s.e.m. 
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Figure 3. TMM functions in stomatal patterning in Physcomitrella patens. (A,B) 

Fluorescence images of the base of the sporophyte from (A) WT (B) pptmm-1 plants. The 

pattern of stomata (bright white fluorescence) is disrupted in the pptmm-1 mutant. (C,D) 

Bright-field lateral views of the sporophyte base from two transgenic lines: (C) pptmm-3 (D) 

pptmm-2. The number and patterning of stomata varies from plant to plant in each of the 

three independent pptmm lines. (E) Number of stomata per capsule in wild-type and three 
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pptmm mutant lines. Lines indicated with different letters can be distinguished from each 

other (P < 0.05) (one-way ANOVA with multiple comparisons corrected using a Dunnett’s 

test, n>6). (F) Percentage of stomata in clusters in the lines shown in (E). (G) RT-PCR 

analysis of the WT and transgenic lines shown in (E) with expression of (upper panel) 

PpTMM and (lower panel) PpRBCS control transcript. (H,I) Fluorescence images of the base 

of the sporophyte of (H) WT and (I) PpTMMOE plants. (J,K)  Bright-field lateral views of the 

sporophyte base from (J) WT and (K) PpTMMOE plants (L) Number of stomata per capsule 

in wild-type and PpTMMOE line. No significant difference (P< 0.05) was found between the 

lines (one-way ANOVA with multiple comparisons corrected using a Dunnett’s test, n=8). (M) 

RT-PCR analysis of the WT and transgenic line shown in (L) with expression of (upper 

panel) PpTMM and (lower panel) PpRBCS control transcript.  

Scale bars: A,B,H,I = 100µm;C,D = 50µm; J,K= 25 µm. Error bars = s.e.m. 
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Figure 4. Epistasis between PpEPF1, PpTMM and PpERECTA1 supports a concerted role 

in stomatal patterning (A,B) Bright field images of the base of the sporophyte from (A) WT 

and (B) pperecta1-1 plants. (C,D) Bright-field lateral views of the sporophyte base from (C) 

WT and (D) pperecta1-1 plants. (E) Number of stomata per capsule in wild-type and a 

pperecta1-1 mutant line.  No significant difference (P< 0.05) was found between the lines 

(one-way ANOVA with multiple comparisons corrected using a Dunnett’s test, n=8). (F) RT-
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PCR analysis of WT and pperecta1-1 with expression of (upper panel) PpERECTA1 and 

(lower panel) PpRBCS control transcript. (G, H, I) Number of stomata per capsule in: (G) 

ppepf1-erecta1 (H) pptmm-epf1 and (I) pptmm-pperecta1 double mutants. Within each panel 

lines indicated with different letters can be distinguished from each other (p<0.05) (one-way 

ANOVA with multiple comparisons corrected using a Tukey test, n=8). (J-O) Bright-field 

lateral views of the base of sporophytes from (J) ppepf1 (K) pptmm (L) pperecta1  (M) 

ppepf1-erecta1-2 (N) pptmm-epf1-1 and (O) pptmm-erecta1-1 lines. (P-R) RT-PCR analysis 

of the mutant lines shown M-O with the upper panel showing the transcript detection for 

(P,R) PpERECTA1 (Q) PpEPF1, as indicated. Lower panel in each case indicates transcript 

detection for a PpRBCS control. Scale bars: A,B= 100µm; C,D, J-0 = 25 µm. Error bars G-I = 

s.e.m. 
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Figure 5. PpEPF1 and PpTMM can partially rescue Arabidopsis stomatal density 

phenotypes. (A) Stomatal density in leaves in a series of lines of Arabidopsis thaliana either 

lacking AtEPF1 (epf1) or AtEPF2 (epf2) and overexpressing the PpEPF1 sequence 

(35S::PpEPF1). Stomatal density in WT leaves is shown as a control. (B) As in (A) but for 

two lines of the Arabidopsis tmm mutant complemented with the PpTMM sequence under 

control of the native AtTMM promoter (Tp). In (A) and (B), Lines indicated with different 

letters can be distinguished from each other (one-way ANOVA with multiple comparisons 

corrected using a Tukey test, n=6 (A), n =8 (B), P<0.05).  (C) As in (B) but for the phenotype 

observed in base, middle or apex of the flower pedicel (as indicated). Error bars = s.e.m. 
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Fig. S1 Extended phylogenetic trees for EPF, TMM and ERECTA gene families 
Evolutionary relationships of (A) Epidermal Patterning Factor (EPF) and Epidermal Patterning 
Factor-like (EPFL) genes; (B) TOO MANY MOUTHS (TMM) genes; and (C) ERECTA and 
ERECTA-like genes based on amino acid sequence alignments from selected land plant lineages.  
Gene family members related to A. thaliana EPF1, TMM and ERECTA from P. patens, S. 
moellendorffii, Z. mays, S. tuberosum, M. truncatula and A. thaliana (as indicated) were identified 
via phytozome gene family predictions and manual methods (Goodstein et al., 2012). For the 
ERECTA phylogeny S. moellendorffii and S. tuberosum have been emitted from the analysis due 
to the large number of gene representatives overall in this family. Sequences were aligned using 
the MUSCLE (Edgar, 2004) alignment tool on MEGA6 (Tamura et al., 2013).The evolutionary 
history was inferred using the Neighbor-Joining method (Saitou and Nei, 1987) on MEGA6 
(Tamura et al., 2013). The optimal trees with the sum of branch length = 13.422 (EPF); 9.345 
(TMM); 20.7487  (ERECTA) are shown. The percentage of replicate trees in which the associated 
taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches 
(Felsenstein, 1985). The tree is drawn to scale, with branch lengths in the same units as those of 
the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 
computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) and are in the 
units of the number of amino acid substitutions per site. For EPF/L represenatives the analysis 
involved 79 amino acid sequences. All positions containing gaps and missing data were 
eliminated. There were a total of 33 positions in the final dataset. For TMM the analysis involved 
31 amino acid sequences. All positions containing gaps and missing data were eliminated. There 
were a total of 185 positions in the final dataset. Fore ERECTA the analysis involved 82 amino 
acid sequences. All positions containing gaps and missing data were eliminated. There were a 
total of 24 positions in the final dataset. See Table S1 for accession numbers not indicated in the 
trees. 
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