
Supplemental Figure 1. Venation patterning during leaf development of G. 
gynandra and T. hassleriana. 
(A-B) Cleared safranine stained leaves of stage 0 and 1  (n=3; scale bar 0.5 mm) 
 (C-F) Cleared leaves of stage 2, 3, 4 and 5 respectively (n=3; scale bar 1 mm) 
Open arrows indicate the midvein (1°) and closed arrows the secondary vein (2°) 
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Supplemental Figure 2.  G. gynandra cotyledon anatomy two, four and six days  
after germination (DAG). Semi-thin cross sections (3 µm) of G. gynandra cotyledons 
after two (A); four (B); six (C) DAG. Cross sections were stained with Toluidine Blue. 
(Scale bar 10 µm, n=3) 
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Supplemental Figure 3. Images of tissues  harvested for RNA-seq in G. gynandra 
and T. hassleriana. (A) Photographic image of  G. gynandra and T. hassleriana 8-week 
old plants, from which leaf gradient, stem and root system were harvested (B) Seed coat 
development from harvested developmental seed gradient. (1)  young seed (2) semi-
mature seed (3) mature seed. (Scale bar = 1cm) 
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Supplemental Figure 4. Quality assessment of Velvet/OASES assembled T. hassleriana 
contigs against predicted corresponding cds from T. hassleriana genome. 
(A) Percentage of contig number per predicted cds (Cheng et al., 2013) showing redundancy in 
assembled contigs. 
(B) ClustalW alignment of fragmented contig (top) with corresponding cds (below). 
(C) ClustalW alignment of fused contig (top) with corresponding cds (below).  
 
 

Alignment: /Users/canan/Desktop/hassL_hybrid.fa
Seaview [blocks=10 fontsize=8 A4] on Sat Jan 18 18:45:34 2014 

                           1
T.hassleriana_contig_2395  ATACTCTTAT TCTATATCTC AATTAACCAA ACGTCTAGAA AGAAAGAGAG AGGTGAAAAA GCAGCCCTTT TTCCCTCTAT
T.hassleriana_cds_07811    ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

                          81
T.hassleriana_contig_2395  AAAGAGCAGG GCTATTTCCT CTGTTCCCCT CGCAGCTGCA GCCTGGCCGT TGGTTGGTTA ATCAGATATC CCTCTCCCTC
T.hassleriana_cds_07811    ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

                         161
T.hassleriana_contig_2395  TCTCTCTCTC TCTCTCTCTC TGAGAAGAGA AATGGCTCTC TCTCCTTCTT CTGTTGGTCT TCGTGTCATC GTTTTCCTCT
T.hassleriana_cds_07811    ---------- ---------- ---------- -ATGGCTCTC TCTCCTTCTT CTGTTGGTCT TCGTGTCATC GTTTTCCTCT

                         241
T.hassleriana_contig_2395  CTCTTCTCTG CAATGCCTTC CCCTACGCTC CTCACAGCCA TCGGCACCGT ATTGCCAACC ACAACTACAG AGACGCTCTC
T.hassleriana_cds_07811    CTCTTCTCTG CAATGCCTTC CCCTACGCTC CTCACAGCCA TCGGCACCGT ATTGCCAACC ACAACTACAG AGACGCTCTC

                         321
T.hassleriana_contig_2395  ACCAAGTCCA TCCTCTTCTT CGAAGGCCAG AGGTCCGGCA AGCTCCCCTC CCACCAGAGG ATGACTTGGA GGAGAGACTC
T.hassleriana_cds_07811    ACCAAGTCCA TCCTCTTCTT CGAAGGCCAG AGGTCCGGCA AGCTCCCCTC CCACCAGAGG ATGACTTGGA GGAGAGACTC

                         401
T.hassleriana_contig_2395  TGGTCTCTCT GACGGCTCTG CCCTTCACGT GGACTTGGTG GGAGGATACT ATGATGCAGG GGACAATGTG AAGTTTGGGT
T.hassleriana_cds_07811    TGGTCTCTCT GACGGCTCTG CCCTTCACGT GGACTTGGTG GGAGGATACT ATGATGCAGG GGACAATGTG AAGTTTGGGT

                         481
T.hassleriana_contig_2395  TCCCAATGGC ATTCACGACC ACAATGCTAT CATGGAGTGT GATTGAGTTC GGTGGCCTCA TGAAATCTGA GTTGCAAAAC
T.hassleriana_cds_07811    TCCCAATGGC ATTCACGACC ACAATGCTAT CATGGAGTGT GATTGAGTTC GGTGGCCTCA TGAAATCTGA GTTGCAAAAC

                         561
T.hassleriana_contig_2395  GCCAAAGAAG CTATCCGTTG GGCCACTGAC TATCTCCTCA AAGCCACTTC ACGCCCTGGT GTCATTTATG TTCAGGTTGG
T.hassleriana_cds_07811    GCCAAAGAAG CTATCCGTTG GGCCACTGAT TATCTCCTCA AAGCCACTTC CCACCCTGAC ACCATTTATG TTCAGGTTGG

                         641
T.hassleriana_contig_2395  TGACGCGAAC AAGGACCATG CCTGTTGGGA GAGACCAGAA GACATGGACA CGCCGAGAAG TGTGTTCAAA GTGGACAAGA
T.hassleriana_cds_07811    TGATGCGAAC AAGGACCATG CCTGTTGGGA GAGACCAGAA GACATGGACA CGCCGAGAAG TGTGTTCAAA GTGGACAAGA

                         721
T.hassleriana_contig_2395  ACACTCCTGG CTCTGACGTC GCCGGCGAAA CAGCCGCCGC TCTCGCCGCC GCGTCCATCG TTTTCAGGAA ATGCGACCCT
T.hassleriana_cds_07811    ACACTCCTGG CTCTGACGTC GCCGGCGAAA CAGCCGCCGC TCTCGCCGCC GCGTCCATCG TTTTCAGGAA ATGCGACCCT

                         801
T.hassleriana_contig_2395  TCTTACTCCA AGACCCTCCT CCGGCGAGCC ATTAGGGTTT TCGCCTTCGC CGACAAGTAC AGAGGCCCGT ACAGCGGCGG
T.hassleriana_cds_07811    TCTTACTCCA AGACCCTCCT CCGGCGAGCC ATTAGGGTTT TCGCCTTCGC CGACAAGTAC AGAGGCCCGT ACAGCGGCGG

                         881
T.hassleriana_contig_2395  TTTGAAAATG GCCGTTTGCC CATTCTACTG TTCTTACTCT GGGTATCAGG ATGAATTGTT GTGGGGAGCT GCTTGGTTGC
T.hassleriana_cds_07811    TTTGAAAATG GCCGTTTGCC CATTCTACTG TTCTTACTCT GGGTATCAGG ATGAATTGTT GTGGGGAGCT GCTTGGTTGC

                         961
T.hassleriana_contig_2395  ACAAGGCGAC AAAGAAGGCG ACATATCTGA ACTACATCCA AGTTAACGGA CAGCTCCTTG GAGCTGCTCA GTTCGACAAC
T.hassleriana_cds_07811    ACAAGGCGAC AAAGAAGCCG ACATATCTGA ACTACATCCA AGTTAACGGA CAGATCCTTG GAGCTGCTCA GTTCGACAAC

                        1041
T.hassleriana_contig_2395  ACCTTTGGTT GGGATAACAA GCATGTCGGA GCCAGGATTC TTCTCTCCAA GGCGTTCCTG GTTCAGAAGG TCAAATCACT
T.hassleriana_cds_07811    ACCTTTGGTT GGGATAACAA GCATGTCGGA GCCAGGATTC TTCTCTCCAA GGCGTTCCTG GTTCAGAAGG TCAAATCACT

                        1121
T.hassleriana_contig_2395  GCATGAGTAC AAAGGGCATG CTGATAATTT CATCTGCTCT GTCATCCCCG GTGCCCCTTT CTCTTCTTCC CAGTTCACCC
T.hassleriana_cds_07811    GCATGAGTAC AAAGGGCATG CTGATAATTT CATTTGCTCT GTCATCCCTG GCGCTCCTTT CTCTTCTTCC CAGTTCACCC

                        1201
T.hassleriana_contig_2395  CAGGTGGGCT CTTATTCAAG ATGGGGGATA GCAACATGCA GTATGTAACG TCGACGTCGT TCTTGCTGTT GACCTATGCC
T.hassleriana_cds_07811    CAGGTGGGCT CTTATTCAAG ATGGGGGATA GCAACATGCA GTATGTAACG TCGACGTCGT TCTTGCTGTT GACCTATGCC

                        1281
T.hassleriana_contig_2395  AAGTATTTGA CCTCCGCTCG CACCGTCGTC AATTGCGGCG GCTCCGTCAT CACCGCCGGC CATCTCCGCT CCATCGCCAA
T.hassleriana_cds_07811    AAGTATTTGA CCTCCGCTCG CACCGTCGTC AATTGCGGCG GCTCCGTCAT CACCGCCGGC CATCTCCGCT CCATCGCCAA

                        1361
T.hassleriana_contig_2395  GAAGCAGGTG GATTATCTGT TGGGGGACAA TCCATTGAGG ATGTCGTATA TGGTGGGATA TGGTCGGAAA TATCCGAGGA
T.hassleriana_cds_07811    GAAGC----- ---------- ---------- -------AGG ATGTCGTACA TGGTGGGGTA CGGTCCGAAA TACCCAAGGA

                        1441
T.hassleriana_contig_2395  GGATCCACCA CCGGGGTTCG TCA------- ---------- ---CTGCCGT CGGTGACAGC TCATCCGGCG AAGATCCAAT
T.hassleriana_cds_07811    GGATCCACCA CCGTGGCTCG TCACTGCCGG CGGGGGCGGC CCCCTGCCGT CGGTGGCGAC CCACCCGGGG AAGATCCAAT

                        1521
T.hassleriana_contig_2395  GCCGTGAGGG CTTCGCCTTC ATGAACTCAC AGTCTCCCAA CTTCAACGTC CTCGTCGGCG CCGTTGTGGG AGGTCCCGAC
T.hassleriana_cds_07811    GCCACGAAGG CTTCGCCTTC ATGAACTCGC AGTCTCCCAA CTTCAACGTC CTGGTCGGCG CCGTCATCGG AGGTCCAGAC

                        1601
T.hassleriana_contig_2395  CTCCACGACC GCTTCCCGGA CTACCGGTCC GACTACGAGC AGTCCGAACC CGCCACTTAC ATCAACGCCC CTCTTGTCGG
T.hassleriana_cds_07811    CTCCACGACC GGTTCCCGGA CGACCGAGCC GACTACGAGC AGTCGGAGCC AGCCACGTAC ATCAACGCCC CTCTCGTCGG

                        1681
T.hassleriana_contig_2395  CGTCCTCTCT TACTTCGCTC ACTCCTTCGG CCAGCTTTGA CCGCAGCCGC AAACCCAAAC GTTATTATGA CGACAGTATC
T.hassleriana_cds_07811    TGCCCTCTCT TATTTCGCCC ACTCCTTCGG ACAGCTCTAA ---------- ---------- ---------- ----------

                        1761
T.hassleriana_contig_2395  AAGAAGTCGT TGATCGACCA AGAAAGATTT AAAGGAATAG TCGCGATTGG TCCGTATGCG TGCTTTGTTC GTTATTTATC
T.hassleriana_cds_07811    ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

                        1841
T.hassleriana_contig_2395  GTCTCAAGTA CATCGATTGA TATGTACTTA AAGAGATGAC ATCTCCCTTA AGTATAACAC TGCAAAAACG TTATAAGAAA
T.hassleriana_cds_07811    ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------

Alignment: /Users/canan/Desktop/contig_hassl.fa
Seaview [blocks=10 fontsize=8 A4] on Sat Jan 18 17:34:07 2014 

                            1
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     ATGGAAATGC TTGGGTCTCA CTTTGGCTCT TTACTGTCTA AATTGAATGC GGTGTCCACT TCTGATCACT

                           71
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     CATCCGTGGT TTCACTGAAT CTCTTTGTTG CACTTCTCTG TGCCTGTATT GTGATTGGGC ACCTTTTGGA

                          141
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     AGAGAACCGA TGGATGAACG AATCCATCAC TGCTTTATTG ATTGGTCTTG GCACTGGTAT TGTCATTTTG

                          211
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     TTGATTAGTG GTGGGAAAAG CTCACGTCTT ATGGTCTTCA GTGAAGATCT CTTCTTCATA TATCTTTTGC

                          281
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     CACCAATCAT ATTCAACGCG GGGTTTCAAG TGAAAAAGAA GCAGTTCTTC CGTAATTTCG TGACGATTAT

                          351
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     ACTTTTTGGG GCCATCGGGA CTATAATCTC TTGCATAATC ATAACTTTAG GTGTAACTCA GTTCTTCAAG

                          421
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     AATCTGGACA TTGGAACCTT CGATTTGGGT GATTATCTCG CAATCGGAGC GATATTTGCT GCAACGGATT

                          491
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     CCGTTTGCAC ATTGCAGATT CTTAATCAGG ACGAGACACC TTTGCTGTAC AGTCTTGTTT TCGGAGAGGG

                          561
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     TGTCGTGAAC GATGCCACCT CAGTCGTGCT CTTCAACGCG ATCCAAAGCT TCGACCTTTC CCACCTTAAT

                          631
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     CTTGAAGCTG CTCTGCATTT TCTCGGAAAC TTCTTGTATC TGTTTATCCT GAGCACCTTG CTTGGTGTCG

                          701
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     CTACTGGTCT GGTAAGTGCG TACATAATCA AGAAGCTATA TTTCGGAAGG CATTCAACTG ATCGGGAGGT

                          771
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ----AGCTAT TCGAGTTGAG CGGCATTCTC
T.hassleriana_cds_26192     TTCCCTCATG ATGCTTATGG CGTATCTTTC CTACATGCTT GCTGAGCTAT TCGAGTTGAG CGGCATTCTC

                          841
T.hassleriana_contig_22959  ACCGTGTTCT TCTGCGGAAT CGTGATGTCT CATTACACCT GGCACAATGT GACCGAGAGC TCGAGAATCA
T.hassleriana_cds_26192     ACCGTGTTCT TCTGCGGAAT CGTGATGTCT CATTACACCT GGCACAATGT GACCGAGAGC TCGAGAATCA

                          911
T.hassleriana_contig_22959  CTACCAAGCA TACATTTGCG ACGTTGTCGT TTGTTGCCGA GACATTTATC TTCCTCTACG TCGGAATGGA
T.hassleriana_cds_26192     CTACCAAGCA TACATTTGCG ACGTTGTCGT TTGTTGCCGA GACATTTATC TTCCTCTACG TCGGAATGGA

                          981
T.hassleriana_contig_22959  TGCTCTCGAC ATTGAGAAGT GGAGATCTGT GAGCGACAGC CCGGGGACAT CAGTTGCAGT GAGCTCGATT
T.hassleriana_cds_26192     TGCTCTCGAC ATTGAGAAGT GGAGATCTGT GAGCGACAGC CCGGGGACAT CAGTTGCAGT GAGCTCGATT

                         1051
T.hassleriana_contig_22959  CTGCTCGGAC TAGTGATGCT CGGAAGAGCA GCCTTTGTGT TTCCATTATC GTTTATCTCC AACTTATCCA
T.hassleriana_cds_26192     CTGCTCGGAC TAGTGATGCT CGGAA----- ---------- ------TATC GTTTATCTCC AACTTATCCA

                         1121
T.hassleriana_contig_22959  AGAAGAATCC AAACGAGAAA ATCGACATAA AGCAGCAAGT GTGTAAACTA TCCCGCTTTG TCTACTAGAT
T.hassleriana_cds_26192     AGAAGAATCC AAACGAGAAA ATCGACATAA AGCAGCAAGT -CGTTATTTG GTGGGCCGGT CTGATGAGAG

                         1191
T.hassleriana_contig_22959  TCATCGTTCT TCGGGATCTG GCTGTTTATC GTT----GGG CTTTGTTCCT CTCCGTTTAG GTCGTTATTT
T.hassleriana_cds_26192     GCGCTGTATC TATGGCTCTG GCTTACAATA AGTTCACAAG GTCGGGACAT ACAGAGTTGC GGGGGAATGC

                         1261
T.hassleriana_contig_22959  GGTGG----- GCCGGTCTGA TGAGAGGCGC TGTATCTATG GCTCTGGCTT ACAATAAGTT CACAAGG---
T.hassleriana_cds_26192     GATAATGATC ACCAGTACTA TAACTGTCTG TCTTGTTAGC ACCATGGTGT TCGGTATGCT GACGAAACCG

                         1331
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     CTCATACAGT TCCTGCTGCC GCAACAGAAA GCAACGACGA GCATGCTATC CGACGGTGGT ACCCCAAAAT

                         1401
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     CGATAACGAT CCCCCTGCTC GAGGGAGAGC AGCAGGACTC GTTCCTGGAG CTCGTCGGGA CGCCCGAGAT

                         1471
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     GCAACGGCCG AACAGCATCC GAGCCCTTCT AACGCGTCCC ACACGAACCG TCCACCACTA CTGGAGAAAG

                         1541
T.hassleriana_contig_22959  ---------- ---------- ---------- ---------- ---------- ---------- ----------
T.hassleriana_cds_26192     TTCGACGACG CCTTCATGCG TCCCGTCTTC GGCGGCCGCG GCTTCGTCCC GTTCGTCCGA GGCTCTCCCA

                         1611
T.hassleriana_contig_22959  ---------- ---------- ---------- -----
T.hassleriana_cds_26192     CCGAGCGTAG CTCCCATGAC CTTACCAAAC CCTAA

42%$

30%$

15%$

7%$

3%$ 3%$

1$ 2$ 3$ 4$ 5$ >5$

kathleenfarquharson
Stamp



A 

Supplemental Figure 5. Quality assessment of the biological replicates of T. 
hassleriana libraries mapped to A. thaliana and mapping similarity of T. hassleriana 
libraries mapped to A. thaliana and to its own cds. 
(A) Pair-wise Pearson's correlation (r) was calculated for all three pairs of biological 
replicates for each tissue in T. hassleriana mapped to A. thaliana. (B) Pair-wise Pearson‘s 
correlation (r) between leaf 5, stamen and seed 1 in (n=3) of T. hassleriana mapped to its 
own coding sequence and A. thaliana. 
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Supplemental Figure 6. Determination of base line gene expression via a 
histogram of photosystem (PS) I and II transcript abundances reads per 
mappable million  (RPKM) in the G. gynandra root.  
Y- axis shows frequency and Y- axis depicts RPKM level of PSI and PSII transcript 
abundance. Red line indicates where threshhold of base line expression was set.  
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Supplemental Figure 7. Quality assessment of the biological replicates within each 
species and tissue similarity between G. gynandra and T. hassleriana. (A) Pair-wise 
Pearson's correlation (r) was calculated for all three pairs of biological replicates for each 
tissue (n=3) in G. gynandra. (B) Pair-wise Pearson's correlation (r) was calculated for all 
three pairs of biological replicates for each tissue (n=3) in T. hassleriana. (C) Pair-wise 
Pearson‘s correlation between individual tissues of T. hassleriana and G. gynandra. 



Supplemental Figure 8. Principle component analysis between G. gynandra and T. 
hassleriana.  
(A) Plot shows all averaged tissues from G. gynandra (G) and T. hassleriana (H) sequenced 
(n=3). The first component describes 15% of all data variablility seperating both species. The 
second component (14%) separates samples by tissue identity within each species. Tissues are 
indicated by color key (left). 
(B) Averaged leaf gradient samples (n=3) from G. gynandra (G) and T. hassleriana (H) were 
analysed. First component decribes 44 % and second component describes 29% of variability. 
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Supplemental Figure 9. Hierarchical cluster analysis with bootstrapped samples of G. 
gynandra and T. hassleriana. Numbers above the nodes show the approximately unbiased 
p-value (red) and the bootstrap probability (green). Blue is lowest expression and yellow 
highest expression.	
  Left-hand vertical bars denote major clusters in the dendrogram by 
color. (A) Clustering of all over 20 RPKM expressed genes in all averaged samples (n=3). 
Sample averages were clustered as species scaled Z-scores with Pearson‘s Correlation. 
(B) Hierarchical Clustering of all transcriptional regulators expressed in all tissues 
sequenced in G. gynandra and T. hassleriana. Sample averages (n=3) were clustered as 
species-scaled Z-scores with Pearson‘s Correlation.  
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Supplemental Figure 10. Transcriptional investment of each tissue compared in 
both species. Cumulative average RPKMs in percent for basal Mapman categories for 
each tissue in G. gynandra and T. hassleriana.  

T. hassleriana 

G. gynandra 
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Supplemental Figure 11.1. Transcriptional investment at secondary Mapman 
category of each tissue compared in both species (Part 1). Distribution of the 
Mapman  categories in each tissue in G. gynandra and T. hassleriana.  Plot shows 
percent of average RPKMs of the 12 customized secondary Mapman bins for each 
tissue. 
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Supplemental Figure 11.2. Transcriptional investment at secondary Mapman 
category of each tissue compared in both species (Part 2). Distribution of the 
Mapman  categories in each tissue in G. gynandra and T. hassleriana.  Plot shows 
percent of average RPKMs of the 12 customized secondary Mapman bins for each 
tissue. 



Supplemental Figure 12. Comparison of gene expression dynamics within the 
leaf gradient of both species.  
(A-F) Average expression pattern of highest abundant putative ortholog of C4 cycle 
genes (NHD, PPDK, PPT, AlaAT, BASS2, PEPC) in photo- and heterotrophic tissues 
in G. gynandra (light grey) and T. hassleriana (dark grey); (n=3 ± SE, standard error) 
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Supplemental Figure online 13. Plot of all C4 gene putative orthologs expression pattern 
(RPKM) in G. gynandra, that were annotated as C4 genes with AGI identifier and respective T. 
hassleriana ID. (A-F) Average expression pattern of putative ortholog of C4 cycle genes (DIC, 
BASS2, AspAT, NAD-ME, PPT, PEPC) in photo- and heterotrophic tissues in G. gynandra 
(n=3). 
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Supplemental Figure online 14. Plot of all C4 gene putative orthologs expression pattern 
(RPKM) in T. hassleriana, that were annotated as C4 genes with AGI identifier and respective 
T. hassleriana ID. (A-F) Average expression pattern of putative ortholog of C4 cycle genes 
(DIC, BASS2, AspAT, NAD-ME, PPT, PEPC) in photo- and heterotrophic tissues in T. 
hassleriana (n=3). 
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Supplemental Figure 15. Enzyme activity measurement of soluble C4 cycle 
enzymes. Enzyme activities of PEPC, NAD-ME, PEPCK, NADP-ME, AspAT, AlaAT, 
NAD-MDH and NADP-MDH were measured along the developing G. gynandra leaf 
(stage 1-5) with the mature T. hassleriana leaf (stage 5) as C3 control. (FW: fresh 
weight; n=3 ±SE, standard error; biological replicates with each 3 technical replicates) 
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Supplemental Figure 16. Hierarchical clustering of average RPKM with 
Euclidean distance of core cell cycle genes in T. hassleriana and G. gynandra.  
Core cell cycle genes were extracted from (Vandepoele et al., 2002; Beemster et al., 
2005). Deregulated cluster of interest are marked with blue and red boxes. GTL1 
cluster is highlighted with green box. 
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Supplemental Figure 17. Hierarchical clustering with Pearson‘s correlation of leaf 
developmental factors. Averaged transcript abundances (RPKM) of leaf gradient sample of 
transcriptional regulators involved in axial and vasculature fate determination were clustered. 
Group 1 (orange) and group 2 (red)  show genes that are altered between T. hassleriana (H) and 
G. gynandra (G). 
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Supplemental Figure 18. K-means clustering of leaf 
gradient expression data and quality assessment. 
(A) K-means clustering of transcript abundances 
(RPKM) of leaf stage averages (n=3) between T. 
hassleriana and G. gynandra shown as species-scaled 
Z-scores. Size of each cluster is indicated in each 
cluster box. (B) Ln of the sum of the squared euclidean 
distance (SSE) between each gene and the center of it's 
cluster across various numbers of clusters calculated 
with a K-means algorithm for the leaf gradient data 
(blue) compared to the average of 250 scrambled 
datasets (red). 
 

A 

B 

0 5 10 15 20 25 30

9.
5

10
.0

10
.5

11
.0

11
.5

Number of centers

ln
(w

ith
in

 c
lu

st
er

 S
SE

)

Leaf Data
Randomized Data



Supplemental Figure 19.  Z-score plots of enriched mapman categories in the 
shifted clusters. Species scaled Z-scores from averaged transcript abundances (RPKM) 
for each leaf stage per species (n=3). (A,B) shifted enriched categories from cluster 4. 
(C,D) shifted enriched categories from cluster 13. Number in brackets are the respective 
Mapman category bin codes. 
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Supplemental Figure 20.  K-means clustering of genes differentially regulated 
during the transition from proliferation to enlargement. (A,B) K-means clustering of 
T. hassleriana and G. gynandra homologs of gene set that is significantly up-regulated 
(A; p-value<0.05) or down-regulated  (B; p-value<0.05) between day 9 and 10 day in 
developing A. thaliana leaves (Andriankaja et al., 2012). Per species scaled Z-scores 
from averaged transcript abundances (RPKM) for each leaf stage per species (n=3).  
(C,D) Ln of the sum of the squared Euclidean distance (SSE) between each gene 
and the center of its clusters across various numbers of clusters calculated with a K-
means algorithm for the leaf gradient data (blue) compared to the average of 250 
scrambled datasets (red) for (C) up- and (D) down-regulated. 
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Supplemental Figure 21. Transcript abundances of SCARECROW and SHORTROOT 
homologs in G. gynandra (G) and T. hassleriana (H) leaf and root.  
(A-C) Expression pattern (average RPKM; n=3) of all homologs of SCARECROW (SCR; A);  
SHORTROOT (SHR; B) and JACKDAW (JKD; C) in both species. (D) Dual color map of 
significant (blue; FWE corrected p-Value<0.05) or non significant (yellow; n.s) expressed 
transcripts of SCR, SHR and JKD. 
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Supplemental Figure 22. Nuclei area and images of C4 and C3 species. 
(A) Quantification of BSC and MC nuclei area of mature leaves of monocotyledonous (Zea mays;  
Megathyrsus maximus; Dichantelium clandestinum) and dicotyledonous (Flaveria trinervia;  
Flaveria cronquistii) C4 and C3 species cross sections (error bars ±SD; n=3). Area of nuclei is given 
as µm2 with at least 100 nuclei analyzed per cell type per species. Asterisks indicate statistically 
significant differences between BSC and MC (*** p-value<0.001; * p-value<0.05). (B-F) Microscopic  
fluorescence images of propidium iodide stained mature leaf cross sections of Zea mays,C4 (B);  
Dichantelium clandestinum;C3 (C); Megathyrsus maximus, C4 (D); Flaveria cronquistii, C3 (E); 
 Flaveria trinervia, C4 (F). Scale bar: 50 µm; closed arrows pointing to nuclei of indicated cell type.  
BSC: bundle sheath cell; MC: mesophyll cell;  V: vein; S: stomata. 
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Supplemental Table 1 online. Velvet/OASES assembly stats from G. gynandra and T. 
hassleriana paired end reads. Backmapping of paired end reads was performed with TopHat 
standard settings. Annotation via blastp against TAIR10 proteome. 

  G. gynandra (C4) T. hassleriana (C3) 
k-mer 31 31 
N50 contig 1916 1996 
unigenes 59471 52479 
total transcripts 176850 163456 
Backmapping % 60 63 
Annotation of TAIR10 % 86 87 
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Supplemental Table 2 online. Cross species mapping results. T. hassleriana Leaf 5, Seed 
1, Stamen (n=3) was mapped to A. thaliana via blat in translated protein (A) mode to assess 
sensitvity of cross species mapping. Results of mapping were normalized as RPKM and 
collapsed on 1 AGI per multiple identifier in T. hassleriana Pearson's correlation r values of 
collapsed T. hassleriana Leaf 5, Seed 1 and Stamen (n=3) mapped to A. thaliana (B) and to 
itself were calculated (C). 

Species Sample 

Total number 
of cleaned 

reads 

Total number 
of mapped 

reads 

Mapping 
efficiency 
against 
A.thaliana 
reference 

Number of 
genes >20 
RPKM 

Number of 
genes >1000 
RPKM 

T.
 h

as
sl

er
ia

na
 

Hleaf5_1 41085063 23502678 57.20492141 5825 151 
Hleaf5_2 26393836 22289304 84.44889936 5675 122 
Hleaf5_3 67907227 43184738 63.59372913 5684 146 
Hstamen_1 46237107 27726175 59.96520284 5923 48 
Hstamen_2 48025041 28220020 58.76105343 5950 47 
Hstamen_3 17855771 14433105 80.83159781 5467 60 
Hseed1_1 38620315 21654259 56.06960741 6253 39 
Hseed1_2 28792149 17462026 60.64856777 6301 48 
Hseed1_3 25372947 14217549 56.03428329 6107 42 

collapsed expression by mapping 
 to own cds vs to A. thaliana 1vs1 2vs2 3vs3 average  

Hleaf5 
r 0.90 0.89 0.91 0.90 
r2 0.81 0.80 0.82 0.81 

Hstamen 
r 0.79 0.79 0.79 0.79 
r2 0.62 0.62 0.62 0.62 
r 0.91 0.86 0.9 0.89 

Hseed1 r2 0.83 0.74 0.81 0.79 

T. hassleriana mapped to A. thaliana 1vs2 1vs3 2vs3 average  

Hleaf5 
r 0.98 1.00 0.98 0.99 
r2 0.97 0.99 0.96 0.97 

Hstamen 
r 0.97 0.96 0.98 0.97 
r2 0.94 0.92 0.96 0.94 

Hseed1 
r 0.97 0.99 0.98 0.98 
r2 0.94 0.98 0.96 0.96 

A 

B 

C 
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Supplemental Table 3 online. Pearson's correlation (r) of each individual replicate per 
tissue in G. gynandra and T. hassleriana respectively (A). Pearson's correlation 
between G. gynandra and T. hassleriana individual tissues (B).  

  Pearson correlation r between biological replicates 
# Species Tissue 1 vs 2 1 vs 3 2 vs 3 

1 
G

. g
yn

an
dr

a 
Gleaf0 0.98 0.99 0.99 

2 Gleaf1 0.97 0.96 0.98 
3 Gleaf2 0.95 0.92 0.98 
4 Gleaf3 0.79 0.92 0.93 
5 Gleaf4 0.81 0.97 1.00 
6 Gleaf5 0.99 0.99 0.99 
7 Groot 0.92 0.93 0.93 
8 Gstem 0.97 0.94 0.95 
9 Gstamen 0.61 0.61 0.97 

10 Gpetal 0.88 0.84 0.84 
11 Gcarpel 0.99 0.61 0.57 
12 Gsepal 1.00 0.97 0.97 
13 Gseedling2 0.99 0.98 0.99 
14 Gseedling4 0.90 0.92 0.99 
15 Gseedling6 0.70 0.99 0.75 
16 Gseed1 0.99 0.99 1.00 
17 Gseed2 1.00 1.00 1.00 
18 Gseed3 0.77 0.64 0.94 
19 

T.
 h

as
sl

er
ia

na
 

Hleaf0 0.97 0.97 0.99 
20 Hleaf1 0.97 0.98 0.98 
21 Hleaf2 0.96 0.98 0.98 
22 Hleaf3 0.96 0.99 0.98 
23 Hleaf4 0.96 0.99 0.98 
24 Hleaf5 0.97 0.99 0.98 
25 Hroot 0.95 0.96 0.96 
26 Hstem 0.23 0.62 0.87 
27 Hstamen 0.94 0.91 0.98 
28 Hpetal 0.98 0.97 0.97 
29 Hcarpel 0.95 0.99 0.98 
30 Hsepal 0.87 0.86 0.90 
31 Hseedling2 0.99 0.99 0.98 
32 Hseedling4 0.99 1.00 0.99 
33 Hseedling6 0.82 0.82 0.98 
34 Hseed1 0.99 1.00 0.99 
35 Hseed2 1.00 1.00 1.00 
36 Hseed3 0.93 0.96 0.95 

A 



Supplemental Table 3 online. Pearson's correlation (r) of each individual replicate per 
tissue in G. gynandra and T. hassleriana respectively (A). Pearson's correlation 
between G. gynandra and T. hassleriana individual tissues (B).  

Pearson Correlation r between  
G. gynandra and T. hassleriana 
# Tissue r 
1 Leaf0 0.723369664 
2 Leaf1 0.693967315 
3 Leaf2 0.774414647 
4 Leaf3 0.718280077 
5 Leaf4 0.845767325 
6 Leaf5 0.801946455 
7 Root 0.693418487 
8 Stem 0.397920288 
9 Stamen 0.465027959 
10 Petal 0.296842384 
11 Carpel 0.409336161 
12 Sepal 0.216833607 
13 Seedling2 0.864093832 
14 Seedling4 0.79602302 
15 Seedling6 0.757896499 
16 Seed1 0.922002838 
17 Seed2 0.882400443 
18 Seed3 0.612106172 

B 



Supplemental Table 4 online. Number of significatly up- or downregulated genes in G. 
gynandra compared to  T. hassleriana within the different tissues. Differential expressed 
gene p-Values were calculated via EdgeR and Bonferroni-Holms corrected, genes with 
p<0.05 were classified as differential regulated. 

Tissue UP p< 0.05 UP p< 0.01 UP p< 0.001 DOWN p< 0.05 DOWN p< 0.01 DOWN p< 0.001 
leaf0 5435 5061 4539 6076 5696 5237 
leaf1 5197 4841 4391 5914 5529 5026 
leaf2 4234 3894 3443 5047 4644 4204 
leaf3 4646 4283 3833 5484 5070 4576 
leaf4 3250 2911 2511 3774 3399 2979 
leaf5 3236 2894 2447 4133 3716 3191 
root 4343 3973 3511 5151 4755 4254 
stem 7835 7497 7123 8462 8129 7698 
stamen 4545 4116 3652 5388 4976 4451 
petal 4445 4063 3613 5122 4751 4317 
carpel 3718 3352 2929 3640 3274 2894 
sepal 5650 5276 4780 6422 6023 5539 
seedling2 4012 3644 3186 4354 3981 3546 
seedling4 4113 3684 3202 4416 4043 3569 
seedling6 2874 2534 2180 3542 3154 2714 
seed1 4116 3764 3321 4457 4083 3591 
seed2 6600 6270 5807 7075 6727 6276 
seed3 6108 5725 5307 7088 6674 6190 
mean  4686.5 4321.222222 3876.388889 5308.055556 4923.555556 4458.444444 
max 7835 7497 7123 8462 8129 7698 



Supplemental Table 5 online. List of genes present in root to shoot recruitment 
module. 

T. hassleriana cds ID 
(Cheng et al., 2013) 

Arabidopsis 
homologue 

Coexpressed with 
TF TAIR short annotation 

T.hassleriana_10164 AT1G70410   beta carbonic anhydrase 4 
T.hassleriana_20805 AT2G22500   uncoupling protein 5 
T.hassleriana_17885 AT5G61590 ERF Integrase-type DNA-binding superfamily protein 
T.hassleriana_27615 AT1G04250 Aux/IAA AUX/IAA transcriptional regulator family protein 
T.hassleriana_13599 AT5G13180 VND-I2 NAC domain containing protein 83 
T.hassleriana_07159 AT4G12730 Aux/IAA FASCICLIN-like arabinogalactan 2 
T.hassleriana_22160 AT5G57560   Xyloglucan endotransglucosylase/hydrolase family protein 
T.hassleriana_03276 AT1G11545 Aux/IAA xyloglucan endotransglucosylase/hydrolase 8 
T.hassleriana_11774 AT1G43670   Inositol monophosphatase family protein 
T.hassleriana_19959 AT5G19140 ERF Aluminium induced protein with YGL and LRDR motifs 
T.hassleriana_13658 AT1G25230 ERF Calcineurin-like metallo-phosphoesterase superfamily protein 
T.hassleriana_11758 AT3G14690 VND-I2 cytochrome P450, family 72, subfamily A, polypeptide 15 
T.hassleriana_00726 AT5G46900   Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily 
T.hassleriana_13312 AT3G22120   cell wall-plasma membrane linker protein 
T.hassleriana_18867 AT3G54110   plant uncoupling mitochondrial protein 1 
T.hassleriana_22110 AT1G14870   PLANT CADMIUM RESISTANCE 2 
T.hassleriana_13333 AT5G19190     
T.hassleriana_11698 AT3G13950     
T.hassleriana_01980 AT5G25265     
T.hassleriana_04483 AT5G62900     
T.hassleriana_21987 AT1G13700 ERF 6-phosphogluconolactonase 1 
T.hassleriana_15837 AT1G05000   Phosphotyrosine protein phosphatases superfamily protein 
T.hassleriana_08797 AT5G23750 Aux/IAA Remorin family protein 
T.hassleriana_08517 AT5G36160   Tyrosine transaminase family protein 
T.hassleriana_12936 AT5G25980   glucoside glucohydrolase 2 
T.hassleriana_04639 AT2G01660   plasmodesmata-located protein 6 
T.hassleriana_22812 AT4G21870 ERF HSP20-like chaperones superfamily protein 
T.hassleriana_10363 AT3G11660 VND-I2 NDR1/HIN1-like 1 
T.hassleriana_19882 AT3G04720   pathogenesis-related 4 
T.hassleriana_27070 AT2G15220   Plant basic secretory protein (BSP) family protein 
T.hassleriana_05312 AT2G37170   plasma membrane intrinsic protein 2 
T.hassleriana_05313 AT2G37170   plasma membrane intrinsic protein 2 
T.hassleriana_12285 AT2G36830 Aux/IAA gamma tonoplast intrinsic protein 
T.hassleriana_12284 AT2G36830   gamma tonoplast intrinsic protein 
T.hassleriana_14369 AT1G11670 Aux/IAA MATE efflux family protein 
T.hassleriana_08980 N.A.     
T.hassleriana_07000 N.A.     



Supplemental Table online 6.  List of clustered general leaf developmental and 
vasculature regulating genes along both leaf gradients. 

T. hassleriana cds ID 
(Cheng et al., 2013) AGI Annotation based on TAIR10 Function in vascular development 
T.hassleriana_16883 AT1G19850 MONOPTEROS (MP) leaf initiation 
T.hassleriana_08823 AT1G19850 MONOPTEROS (MP) leaf initiation 
T.hassleriana_08424 AT1G32240 KANADI 2 (KAN2) leaf axis formation 
T.hassleriana_09176 AT1G32240 KANADI 2 (KAN2) leaf axis formation 
T.hassleriana_20498 AT1G52150 ATHB-15 neg reg of vasc cell diff 
T.hassleriana_09793 AT1G52150 ATHB-15 neg reg of vasc cell diff 
T.hassleriana_06450 AT1G65620 ASYMMETRIC LEAVES 2 (AS2) leaf initiation 
T.hassleriana_19648 AT1G73590 PIN-FORMED 1 (PIN1) vein initiation (polar auxin transport) 
T.hassleriana_01843 AT1G79430 ALTERED PHLOEM DEVELOPMENT (APL) vascular cell identity repressed by REV 
T.hassleriana_19440 AT1G79430 ALTERED PHLOEM DEVELOPMENT (APL) vascular cell identity repressed by REV 
T.hassleriana_27016 AT2G13820 Bifunctional inhibitor/lipid-transfer protein vein formation (xylogen) 
T.hassleriana_27989 AT2G27230 LONESOME HIGHWAY (LHW) transcription factor-related 
T.hassleriana_09087 AT2G27230 LONESOME HIGHWAY (LHW) transcription factor-related 
T.hassleriana_15265 AT2G27230 LONESOME HIGHWAY (LHW) transcription factor-related 
T.hassleriana_15152 AT2G28510 Dof-type zinc finger DNA-binding family protein Dof-type zinc finger DNA-binding family protein 
T.hassleriana_27908 AT2G28510 Dof-type zinc finger DNA-binding family protein Dof-type zinc finger DNA-binding family protein 
T.hassleriana_06822 AT2G33860 ETTIN (ETT) leaf axis formation abaxial fate 
T.hassleriana_23279 AT2G33860 ETTIN (ETT) leaf axis formation abaxial fate 
T.hassleriana_23086 AT2G37630 ASYMMETRIC LEAVES 1 (AS1) leaf initiation 
T.hassleriana_18733 AT4G08150 KNOTTED-like from Arabidopsis thaliana (KNAT1) leaf initiation 
T.hassleriana_09854 AT4G08150 KNOTTED-like from Arabidopsis thaliana (KNAT1) leaf initiation 
T.hassleriana_25576 AT4G24060 Dof-type zinc finger DNA-binding family protein Dof-type zinc finger DNA-binding family protein 
T.hassleriana_22410 AT4G32880 homeobox gene 8 (HB-8) vein initiation (post auxin marker of vascular patterning) 
T.hassleriana_28697 AT5G16560 KANADI (KAN) leaf axis formation abaxial; neg reg of PIN1 
T.hassleriana_19776 AT5G16560 KANADI (KAN) leaf axis formation abaxial; neg reg of PIN1 
T.hassleriana_18288 AT5G60200 TARGET OF MONOPTEROS 6 (TMO6) TARGET OF MONOPTEROS 6 
T.hassleriana_16642 AT5G60200 TARGET OF MONOPTEROS 6 (TMO6) TARGET OF MONOPTEROS 6 
T.hassleriana_18265 AT5G60690 REVOLUTA (REV) adaxial leaf axis formation 
T.hassleriana_19132 AT5G60690 REVOLUTA (REV) adaxial leaf axis formation 
T.hassleriana_17767 AT5G64080 XYP1  vein formation (xylogen) 
T.hassleriana_26861 AT5G64080 XYP1 vein formation (xylogen) 



Supplemental Methods 

Leaf clearings and safranine staining (Supplemental Figure 1)  

For leaf clearings T. hassleriana and G. gynandra leaves of stage 0 to 5 were destained 
in 70% EtOH with 1% glycerol added for 24 hrs and cleared in 5% NaOH until they 
appeared translucent and rinsed with H2Odest. Leaves were imaged under dark field 
settings with stereo microcope SMZ1500 (Nikon, Japan). Prior safranine staining, leaves 
were destained with increasing EtOH series until 100% EtOH and stained for 5 -10 min 
with 1% safranine (1g per 100ml 96% EtOH). After destaining leaves were analyzed with 
bright field microscope (Zeiss, Germany). Vein orders were determined by width and 
position as described by (McKown and Dengler, 2009) for Flaveria species. 

Contig assembly and annotation (Supplemental Figure 4, Table 1 and Dataset 3) 

Cleaned and filtered paired end (PE) reads were used to create a reference 
transcriptome for each species. The initial de novo assembly was optimized by using 31- 
kmer using Velvet (v1.2.07) and Oases (v0.2.08) pipeline (Zerbino and Birney, 2008; 
Schulz et al., 2012). For quality purposes the longest assembled transcript was selected 
with custom made perl scripts if multiple contigs were present (Schliesky et al., 2012) 
resulting in 59,471 G. gynandra and 52,479 T. hassleriana contigs. For quality 
assessment PE reads were aligned again to the respective contigs for each species via 
TopHat standard settings with over 60% backmapping efficiency in both species. 
Assembled longest transcripts were annotated using BLASTX mapping against TAIR10 

proteome database (cut-off 1e-10). The best blastx hits were filtered by the highest 
bitscore. For quality assessment of contigs, T. hassleriana contigs were aligned with 
BLASTN against T. hassleriana predicted cds (Cheng et al., 2013). Multiple matching 
contigs to one cds identifier were filtered with customized perl script. 

Cross species mapping sensitivity assessment (Supplemental Figure 5; Table 2) 

All three biological replicates of leaf stage 5, stamen and young seed  from T. 
hassleriana were mapped with BLAT V35 in dnax mode (nucleotide sequence of query 
and reference are translated in six frames to protein) with default parameters to both, the 
T. hassleriana gene models and the A. thaliana TAIR10 representative gene models. 
Subsequently, the BLAT output was filtered for the best match per read based on the 
highest score. RPKMs were calculated based on mappable reads per million (RPKM). 
The RPKM expression data was collapsed to single A. thaliana AGIs (RPKM were 
added) to avoid multiple assigned T. hassleriana‘s IDs to the same AGI. Pearson’s 
correlation r was calculated between the mapped T. hassleriana replicates mapped on 
A. thaliana gene models among each other. Also Pearson’s correlation r was calculated 
between cross species mapped T. hassleriana leaf5, stamen and seed1 replicates and 
the replicates of Leaf5 mapped to its own cds in T. hassleriana.  

Principal component analysis (Supplemental Figure 8) 

Principal component analyses (PCA,Yeung and Ruzzo, 2001) was carried out with 
MULTI EXPERIMENT VIEWER VERSION 4 (MEV4, (Saeed et al., 2003; Saeed et al., 
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2006) on gene row SD normalized averaged RPKMs with median centering. 

Enzyme Assays (Supplemental Figure 15) 

From G. gynandra leaf stage 2 to 5, enzymatic activities of known C4 enzymes were 
determinedas summarized by Ashton et al. (1990) in three biological replicates. 

Comparison of Cleomaceae leaf gradients to A. thaliana leaf differentiation 
(Supplemental Figure 19) 
Examination of Cleomaceae expression patterns of genes differentially regulated during 
the transition from cell proliferation to expansion in A. thaliana.  
Andriankaja et al. (2012) observed that the transition between cell proliferation and 
expansion occurred between days 9 and 10. They defined two sets of genes 
significantly differentially expressed between day 9 and 10, one up-regulated and one 
down-regulated. The expression of the T. hassleriana and G. gynandra homologues of 
these genes were analyzed. The sum of standard error (SSE) was taken as a quality 
control to determine an appropriate number of clusters. The number of cluster centers 
chosen was 7 and 5 for up-regulated and down-regulated genes, respectively. The K-
means clustering was performed the same as before, except that genes were not 
previously filtered by expression level and genes were only binned once into clusters.  
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