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Despite a long-standing interest in the genetic basis of mor-
phological diversity, the molecular mechanisms that give rise to
developmental variation are incompletely understood. Here, we
use comparative transcriptomics coupled with the construction of
gene coexpression networks to predict a gene regulatory network
(GRN) for leaf development in tomato and two related wild species
with strikingly different leaf morphologies. The core network in the
leaf developmental GRN contains regulators of leaf morphology
that function in global cell proliferation with peripheral gene
network modules (GNMs). The BLADE-ON-PETIOLE (BOP) transcrip-
tion factor in one GNM controls the core network by altering effec-
tive concentration of the KNOTTED-like HOMEOBOX gene product.
Comparative network analysis and experimental perturbations
of BOP levels suggest that variation in BOP expression could explain
the diversity in leaf complexity among these species through dy-
namic rewiring of interactions in the GRN. The peripheral location of
the BOP-containing GNM in the leaf developmental GRN and the
phenotypic mimics of evolutionary diversity caused by alteration in
BOP levels identify a key role for this GNM in canalizing the leaf
morphospace by modifying the maturation schedule of leaves to
create morphological diversity.

Solanum species | RNA-seq | bioinformatics

Although morphological diversity abounds, its underlying
causes remain largely unexplored at the molecular level.

Comparative studies of development in an evolutionary context
[evolutionary developmental biology (evo-devo)] have been used
to understand the developmental mechanisms that are modulated
over time to generate morphological diversity. In attempting to
elucidate how developmental regulation was modulated over time,
these studies have relied on quantitative genetics and candidate
gene expression further informed by functional analyses (1–4).
Even though pursued on a gene-by-gene level, these evo-devo
studies underscore the importance of gene expression regu-
lation, suggesting the rewiring of developmental gene regulatory
networks (GRNs) is a crucial causal factor driving morpho-
logical evolution (5). Recent development of genomic tools
enabled generation of large datasets that can be used for un-
derstanding complex biological processes such as development
(6). These data can be used to determine exactly how de-
velopmental gene modules are organized into a network hier-
archy that generates morphological diversity. However, studies
using genome-wide data to generate GRNs within an evo-devo
context are lacking.
Angiosperms exhibit a wide diversity of leaf shapes. Leaf de-

velopment has been characterized in several species, making the
leaf a model organ for analyzing the mechanisms underlying
natural morphological variation in plants. Leaf complexity, the
degree to which a leaf is subdivided into smaller segments, is the
most conspicuous characteristic of leaf shape. One important
regulator of leaf complexity is the homeobox family of transcrip-
tion factors KNOTTED-like HOMEOBOX (KNOX). KNOX
factors maintain the shoot apical meristem (SAM), a pluripotent

cell population, which generates the entire aboveground body of
vascular plants (7, 8). Current evo-devo studies suggest that KNOX
expression was recruited repeatedly to generate natural variation
in leaf shape, including leaf complexity, in several plant lineages
(2, 7–10). Defining the position of KNOX in the leaf developmental
GRN hierarchy (i.e., KNOX regulation, and its downstream
targets in a network context) will allow us to determine whether
the KNOX-containing gene module was an evolutionary hot spot
that was repeatedly recruited for generating the natural variation
in leaf shape.
Domesticated tomato (Solanum lycopersicum) is an excellent

model species for the analysis of natural variation in leaf com-
plexity because a number of tomato wild relatives show tre-
mendous variation in this trait (11, 12), and their genome and
transcriptome data are now available (13–15). S. lycopersicum
and its wild relatives, Solanum pennellii and Solanum hab-
rochaites (15, 16), show a varying number of leaflets on the main
leaf axis (total number of primary and intercalary leaflets,
termed leaf complexity in this study; Fig. 1A). Morphometric
analyses of leaf development suggest that the duration of leaf
maturation correlates with the leaf complexity of these species
(SI Appendix, Fig. S1).

Significance

Ever since Darwin’s pioneering research, a major challenge in
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Results and Discussion
Leaf Developmental GRN in the Tomato Species Complex. To predict
leaf developmental GRN within an evo-devo context, we used
cross-species, tissue-specific, and large-scale RNA-seq on two
different regions of leaf primordia (proximal and distal regions,
corresponding to the leaflet-forming region and terminal differ-
entiating/differentiated leaflet, respectively) at four developmental
stages (meristem + P1–P3; P4; P5; P6) across three species
(S. pennellii, S. lycopersicum, and S. habrochaites; SI Appendix,
Fig. S1 and Table S1 and Dataset S1). To extract genes func-
tionally relevant to leaf development, we generated a self-orga-
nizing map (SOM) from the read counts and partitioned the
resulting SOM clusters using principal-component analysis (PCA)
(17). This analysis revealed three major SOM gene clusters whose
expression patterns varied along leaf developmental stages in our
dataset: clusters 1 and 2 show increased and decreased expression
changes, respectively, along the leaf development gradient, and
cluster 3 shows specific expression at the proximal region of P5
leaf primordia (Fig. 1B). Genes in clusters 1 and 3 are enriched
for “photosynthesis” and “peptidase regulation” gene ontology
(GO) terms, respectively (P < 0.05; Fig. 1B and SI Appendix, Table
S2). We found that S. pennellii orthologs are dominant in cluster 3
(SI Appendix, SI Methods) and suggest that this species might have
unique gene expression at the P5 stage, which involves peptidase
regulation. GO enrichment analysis identified genes in cluster 2 as
enriched for “transcription”-related GO terms. Genes in this
cluster show higher expression in younger leaf morphogenesis
stages, which is consistent with a role in leaf development. Given
this expression pattern and the importance of transcriptional
regulation in generating morphology, we focused on cluster 2
genes to construct a coexpression network. The resultant network
is scale-free and reveals three communities (C1–C3) composing
a core network (with hub genes with >200 edges; SI Appendix,
Table S3) connected to two other communities (C4 and C5) on
the periphery (cutoff values for Pearson correlation coefficient,
adjusted P < 1.0 × 10−8; Fig. 2A, SI Appendix, Fig. S2, and
Dataset S2). The core network has hub genes defined as highly
interconnected genes in each network. These hub genes likely
function in cell proliferation [including AINTEGUMENTA (ANT)
and GROWTH REGULATING FACTOR2 (GRF2)], chromatin

remodeling, and cell growth (18–21) based on annotation in
Arabidopsis thaliana (Dataset S3). ANT (Solyc04g077490) is also
the most highly interconnected hub gene in the gene coexpression
network constructed using all expressed genes (SI Appendix,
Fig. S3 and Dataset S4). This supports the current idea that ANT
genes have central roles in various developmental processes (22).
The expression patterns of these hub genes in the core network
are significantly negatively correlated with the differences in leaf
length between the tomato species (Spearman’s rank correlation,
adjusted P < 0.05; Dataset S5), suggesting that the core network is
involved in global cell proliferation and elongation driving leaf
growth. Promoters of genes in cluster 2 (Fig. 1B) are enriched for
E2F and M-specific activator (MSA) element binding sites, which
are usually found in cell cycle genes (23, 24) (Fisher’s exact test,
P < 0.01), and a majority of the genes with these binding sites are
located in the core network (SI Appendix, Fig. S4), further sup-
porting the function of this core network in cell proliferation.
Several regulators of leaf complexity such as GOBLET (GOB)
(Solyc07g062840; tomato ortholog CUP-SHAPED COTYLEDON2)
(25), LYRATE (LYR) (Solyc05g009380; tomato ortholog JAGGED)
(26), and auxin efflux carrier PIN1 (Solyc10g080880) (27) are also
placed in the core network.
A majority of developmental genes exhibit broadly conserved

function across plant species, and this is particularly true of genes
relating to simple and compound leaf development (28). To
define key gene network modules (GNMs), we focused on literature-
curated genes that are known to regulate leaf and SAM de-
velopment in the model species Arabidopsis thaliana (29–31) and
genes whose expression patterns are correlated with these genes
in our dataset (LC+ = the literature-curated plus coexpressed
genes; SI Appendix, Fig. S5 and Datasets S6 and S7). Of a total of
1,329 LC+ genes, 147 are in the SOM cluster 2 generated net-
work (significant enrichment, Fisher’s exact test, P < 1.0 × 10−15;
SI Appendix, SI Methods and Fig. S6). Of the peripheral and core
communities in the leaf developmental GRN, one peripheral
community (C4) shows significant enrichment of literature-
curated leaf developmental genes (Fisher’s exact test, P <
0.05; SI Appendix, Table S4). We then extracted a statistically
significant leaf GNM by constructing a network weighted by
bootstrap selection frequency on each edge (Fig. 2B). Utili-
zation of LC+ genes and statistical tests allowed us to capture
a key GNM in the leaf developmental GRN. This GNM retained
the hub genes (with >25.8 the averaged edges across boot-
strapped networks) PETROSELINUM (PTS) (tomato ortholog
KNATM, Solyc06g072480), KLUH (KLU) (Solyc03g114940), and
VERNALIZATION1 (VRN1) (Solyc02g021260) of the community
C4 (Fig. 2B) and has BLADE-ON-PETIOLE (Solyc04g040220;
designated as BOPa) and LIGHT-DEPENDENT SHORT
HYPOCOTYLS (LSH3a/b and LSH6, Solyc06g083860, Soly-
c09g025280, and Solyc09g090180, respectively) that are anno-
tated to function in leaf development of Arabidopsis thaliana
(29–31), as well as the gibberellin 2-oxidase4 (GA2OX4) (Soly-
c01g058030) ortholog that is responsive to KNOX activity (32).
Two genes in this GNM, LSH6 (TERMINATING FLOWER,
TMF) and KLU (underlies the fruit weight3.2 locus), were recently
cloned from tomato and shown to affect vegetative/reproductive
transition and lateral organ growth, respectively (33, 34). PTS was
earlier described as a key regulator of natural variation in leaf
complexity in the Galapagean tomatoes and regulates KNOX LeT6
(tomato ortholog of SHOOT MERISTEMLESS) at the protein
level by competing with BEL1-LIKE HOMEODOMAIN (BELL)/
BIPINNATA (BIP) and preventing entry of the LeT6/BIP complex
into the nucleus (Fig. 2C) (2). Thus, the PTS-containing GNM,
identified using transcriptional data, is not expected to include
KNOX and BIP. However, the output of this GNM should include
potential targets of KNOX, and GA2OX4 is one such functionally
validated target (32) (Fig. 2B). Because of its central role in this
module and in regulating leaf development, hereafter we designate
this GNM as the PTS GNM.

Fig. 1. Leaf complexity and transcriptome profiling of tomato and its wild
relatives. (A) Mature leaves from S. pennellii, S. lycopersicum, and S. habrochaites.
The dots indicate leaflets on the main leaf axis; the sum of them is here defined
as leaf complexity. (Scale bars: 5 cm.) (B) PCA with SOM clustering of gene ex-
pression. The expression profile of each gene is represented, and genes be-
longing to different clusters are indicated by color (clusters 1–3 are green, purple,
and black, respectively) and separated by PCs (Left), and their scaled expression
patterns plotted during four stages of leaf development are separated by
proximal and distal regions (Right).
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Network Validation. To experimentally validate the bioinformati-
cally predicted gene interactions within the PTS GNM (Fig. 2B),
we analyzed interactions between key genes in the GNM. Ex-
pression differences in PTS between species of Galapagean
tomatoes positively correlate with leaf complexity, and are shown
to be caused by PTS promoter alterations (2). Our GNM showed
a connection between PTS and LSH3b. We tested this prediction
and found that LSH3b directly binds to the PTS promoter (SI
Appendix, Fig. S7). The PTS promoter fragment used has three
repeats of ACATTTTT and sequences upstream of the repeats.
We found that the upstream region is necessary, and the first
ACATTTTT is necessary but not sufficient for the interaction
with LSH3b (SI Appendix, Fig. S7). In addition, we validated the
predicted BOPa/LSH3b interaction via yeast two-hybrid assays
(SI Appendix, Fig. S8), consistent with the finding that interacting
proteins are more likely to coexpress than noninteracting pro-
teins (35). Previous studies in inflorescence development in
tomato have shown BOPa and LSH6 interactions (33). Our
experiments suggest that BOPa can physically interact with LSH,
and the complex may directly regulate PTS expression, leading to
alterations in expression of genes within the PTS GNM as well as
in the core network (i.e., C1–C3, Fig. 2C). Because PTS regulates
KNOX at the protein level (2), BOPa might affect KNOX targets
via regulation of PTS expression. To examine this idea, we
identified genes whose expression can be modulated by BOPa
using RNA-seq of BOPa knockdown and overexpression trans-
genic tomato lines (SI Appendix, Figs. S9 and S10 and Table S5
and Datasets S8–S10). In total, 413 and 210 genes are regulated
positively and negatively by BOPa, respectively (false discovery
rate < 0.05); these genes are overrepresented in SOM cluster 2
(Fisher’s exact test, P < 1.0 × 10−15) (SI Appendix, Table S6). To
further validate the GNM, we confirmed that BOPa regulates
PTS and KLU gene expression (Datasets S9 and S10). Using wild
tomato species, we show that PTS regulates KLU and GA2OX4
expression, and feedback regulation of BOPa gene expression (SI
Appendix, Figs. S11 and S12). In addition, we found that BOPa
regulates a number of genes in the core network including the
hub genes GRF2 and ANT, as well as leaf complexity regulators
GOB, LYR, and PIN1 (Fig. 2D and Datasets S9 and S10).
Consistent with the idea that BOPa may modulate KNOX tar-

gets, we found that putative KNOX direct targets (36) were
significantly enriched in the genes modulated in expression by
BOP (Fisher’s exact test, P < 0.05; Fig. 2D and Dataset S11).
KLU, PIN1, and the hub gene ANT were putative KNOX direct
targets under BOP regulation (Fig. 2D). In addition, the pro-
moters of potential targets of BOPa were enriched for homeobox
gene BELLRINGER binding site 1 and 3 (Fisher’s exact test,
P < 0.05; Fig. 2D). Our RNA-seq data showed that BOPa reg-
ulates the expression of four BELL genes (Solyc04g080780,
Solyc08g081400, Solyc10g086640, and Solyc11g069890; Data-
sets S9 and S10). Thus, BOPa controls the expression of both
BELL-type homeobox genes and KNOX targets via BELL and
PTS level modulation, a fact borne out by the enrichment of
KNOX and BELL targets in the leaf developmental GRN. Our
molecular experiments and hypothesis testing validate the bio-
informatically predicted PTS GNM, and suggest that this GNM
could explain leaf developmental variation across the tomato
species complex (Fig. 2C).

Dynamic Rewiring of Interactions in the GRN Across Tomato Species.
To determine the causal differences in the leaf developmental
GNM that account for the interspecific morphological variation
in Solanum leaf complexity, we constructed gene coexpression
networks based on bootstrapped datasets for each species sep-
arately (Fig. 3A) using the genes in SOM cluster 2 (Fig. 1B).
Connectivity (total number of edges of the network), modularity
(based on Fast Greedy modularity optimization algorithm; how
modular is a given partition of a network into sub networks), and
centralization (based on degree centralization; the number of
edges incident upon a gene) were calculated to define network
properties. We found that these network properties were signifi-
cantly different between the three species (Fig. 3A), suggesting
a dynamic rewiring of interactions in the leaf developmental
GRNs (i.e., defined by SOM cluster 2) between the tomato
species. Because the PTS GNM regulates many genes in the leaf
developmental GRN (Fig. 2C), we examined detailed network
properties of the PTS GNM across the species. Consistent with
proposed hypotheses that complex developmental traits re-
quire installation of additional regional network modules (5),
the PTS GNM showed dramatic differences in the number of

Fig. 2. Prediction and validation of the leaf de-
velopmental GRN. (A) Gene coexpression network for
the genes in cluster 2 in Fig. 1B. Nodes represent
genes. Only nodes with at least one edge (403 nodes
and 18,964 total edges) are represented. The five
communities determined by the Fast Greedy modu-
larity optimization algorithm are represented by differ-
ent colored nodes (C1–C5). The dark red nodes represent
hub genes (>219 edges). (B) The PETROSELINUM (PTS)
GNM, defined by the literature-curated plus coexpressed
(LC+) genes and high confidence strong interactions
(≥98% selection frequencies) in community C4 of Fig. 2A.
PTS was earlier described as a key regulator of natural
variation in leaf complexity in the Galapagean tomatoes
(2). Hub genes are determined by the averaged connec-
tivity of this gene across the bootstrapped networks
(>25.8). Genes of unknown function are shown by
numbers: 1, Solyc07g065920; 2, Solyc04g074810; 3,
Solyc12g044920; 4, Solyc07g049400; 5, Solyc10g081700;
6, Solyc03g120870; 7, Solyc07g006380; 8, Solyc08g078890;
9, Solyc01g108170; 10, Solyc07g055100. (C) Model of
leaf developmental GRN under PTS GNM regulation.
In the PTS GNM, BOPa gene expression is cis-regulated.
BOPa interacts with LSH3b and the complex directly
regulates PTS expression. PTS regulates LeT6 at the
protein level by competing with BIP. The released
LeT6 regulates many genes in the core network (C1–C3) that influence leaf complexity. PTS shows feedback regulation of BOPa gene expression. BOPa
also regulates genes in the core network independently of PTS. This GRN regulates leaf complexity as a phenotypic output. (D) BOPa (marked with a red
cross), genes whose expression can be modulated by BOP (orange color), putative direct targets of KNOX homeobox gene (black outlines), genes with binding
site of BELLRINGER (BLR) (circles) are mapped on the gene coexpression network from A. Genes lacking BLR sites are represented as squares. Genes with all of
the above features are named.
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intramodular hub genes (with more than four averaged edges
across bootstrapped networks) across species and this number
correlated with the degree of leaf complexity (Fig. 3B). Fur-
thermore, although expression changes in most genes in the PTS
GNM are not correlated with leaf phenotypes, the expression
levels of BOPa and PTS respectively correlated negatively and
positively with the degree of leaf complexity among the three spe-
cies (Fig. 3C and SI Appendix, Fig. S13). Our molecular data
(SI Appendix, Figs. S7 and S8) show that BOPa regulates PTS as an
upstream factor, whereas PTS has feedback regulation on BOPa
gene expression (SI Appendix, Fig. S12). It is therefore likely that
structural changes in the PTS GNM, coordinated by BOPa-PTS
gene expression, have altered expression/interactions in the leaf
developmental GRN during the course of evolution of leaf com-
plexity in these species. Such structural changes in human and
chimpanzee brain GRNs were shown to account for differences
in brain organization in the two species (37). Although hub genes
could be internally modular (e.g., have multiple cis-regulatory
regions and functional domains), and tweaks in the expression
patterns of the hub input by the peripheral genes can be important
for evolution, mutations in genes located in the peripheral regions

of GRNs have greater potential to contribute to evolutionary
innovations because mutations that disrupt hubs may have more
drastic phenotypic changes and difficulty propagating in the
population (38). Thus, network changes that might influence the
evolution of leaf morphology in the tomato species likely involve
genes in the peripheral GNMs (like the PTS GNM) and not the
core network (i.e., C1–C3). Because changes in PTS expression
itself can cause such leaf morphological variation in Galapagean
tomatoes (2), we decided to investigate BOP, a transcription
factor upstream of PTS, to determine its function in evolutionary
network rewiring in the Solanum species.
The tomato genome has three BOP orthologs, but our network

analysis specifically includes only one of these (BOPa) in the PTS
GNM (Fig. 2B), and the expression of BOPa alone is significantly
different between species (SI Appendix, Fig. S14). BOPa protein
sequences of tomato and its wild relatives show high similarity
(over 95%; SI Appendix, Figs. S15 and S16). Thus, regulatory
changes in BOPa expression, rather than protein structural
changes, might be more relevant to leaf morphological variation.
To test whether cis-regulatory changes in BOP were important,
we used an F1 hybrid between S. pennellii and S. habrochaites
(showing intermediate levels of both leaf complexity and BOPa
expression; Fig. 3C and SI Appendix, Fig. S17) to look at allele-
specific expression. Despite their sharing the same trans-acting
factors in F1 hybrid individuals, we found a higher level of
S. pennellii BOPa than S. habrochaites BOPa transcripts in F1
hybrid seedlings (Fig. 3D and SI Appendix, Fig. S17). Thus,
differences in cis-regulation of BOPa appear important for
regulating gene expression between these species. Characteriza-
tion of cis/trans regulation at the genome-wide level should pro-
vide further insights into regulation of gene expression in the F1
generation. Collectively, our evolutionary developmental tran-
scriptomics provides arguments to formulate the hypothesis
that the evolutionary changes in BOPa gene expression trigger
dynamic rewiring of interactions in the leaf developmental GRN
through regulation of the hub gene PTS in the PTS GNM,
eventually generating the morphological diversity seen in the
tomato species complex.

Transcriptional Regulation of BOP Generates Leaf Morphological
Diversity. To test the hypothesis that variation in expression of
genes in the periphery of a GRN contributes to morphological
variation (38), we manipulated BOPa gene expression by genetic
transformation in the selected tomato species. The high degree
of sequence similarity between the three BOP paralogs (over
89%; SI Appendix, Fig. S15) does not allow individual down-
regulation experiments. We generated transgenic plants of to-
mato S. lycopersicum in which BOP expression was reduced to
less than 40% by RNA interference (RNAi) (SI Appendix, Fig.
S10). These transgenic plants show an increase in leaf complexity
(number of leaflets on the main leaf axis; Fig. 4A and SI Appendix,
Table S7) as well as defects in reproductive traits including brac-
teate inflorescences (SI Appendix, Fig. S18), mimicking the leaf
complexity and inflorescence phenotypes of S. habrochaites, which
shows low BOPa expression (Fig. 3C). Next, to recapitulate the
effects of high BOPa expression seen in S. pennellii (Fig. 3C), we
overexpressed BOPa (and separately, BOPc) in S. lycopersicum.
Both expression manipulations led to a decrease in leaf complexity
(Fig. 4B and SI Appendix, Tables S8 and S9). These results
establish the role of BOP in repressing leaflet formation. We
compared lines overexpressing the S. lycopersicum BOPa and
S. pennellii BOPa, and saw similar leaf phenotypes (SI Appendix,
Fig. S19), indicating that the differences in BOPa protein se-
quences among tomato and S. pennellii have little effect on leaf
phenotype. Thus, transcriptional regulation of BOPa levels,
rather than the sequence of the BOPa protein, regulates the
morphospace of leaf complexity in the tomato species.
Next, we manipulated BOP gene expression in S. pennellii and

S. habrochaites to determine whether the phenotypic effects of
altering BOP transcript levels in the wild relatives approximates
the morphology of the cultivated species. Due to high native BOPa

Fig. 3. Comparative GRNs regulating leaf development in different to-
mato species. (A and B) Comparison of network properties between gene
coexpression networks of different tomato species. Gene coexpression
networks built on bootstrapped data sets using the data from the proximal
(leaflet forming) region of P4, P5, and P6 leaf developmental stages for
genes in cluster 2 (Fig. 1B) were compared. Connectivity, modularity, and
centralization in GRN of different tomato species are shown (A). Error bars
indicate SE over 100 bootstrapped replicates. Different letters indicate
significant differences between networks determined by Dunnett’s test
(P < 0.001). PTS GNM of different tomato species are shown in B. Hub
genes are determined by the averaged connectivity of this gene across
the bootstrapped networks (>4), and the number of hub genes varies
across the species networks. (C) qRT-PCR analysis of BOPa expression in
S. lycopersicum, S. pennellii, S. habrochaites, and the F1 hybrid between
S. pennellii and S. habrochaites. Error bars indicate SE over three biological
replicates (each replicate, 6–10 pooled seedlings). Different letters indicate
significant differences determined by Dunnett’s test (P < 0.05). (D) Allele-
specific expression assays using pyrosequencing. F1 hybrids between
S. pennellii and S. habrochaites and parental species were tested for the
percentage of SNPs on BOPa. The significant deviation of allele frequency in
cDNA from gDNA in F1 (P < 0.01, Mann–Whitney U test) indicates cis regu-
lation in BOPa (detail explanation in SI Appendix, Fig. S17). Error bars in-
dicate SE over three biological replicates (each replicate, 6–10 pooled
seedlings).
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expression in S. pennellii, we down-regulated the expression of the
BOP genes by RNAi (SI Appendix, Fig. S10). The transgenic plants
show increased leaf complexity (Fig. 4C and SI Appendix, Table
S10). Because of low BOPa expression in S. habrochaites, we
overexpressed BOPa in this species, but we could not obtain any
transformants. Because BOPa and BOPc share similar functions
in leaf complexity regulation in tomato (SI Appendix, Tables S8
and S9), instead we overexpressed S. lycopersicum BOPc and
S. habrochaites BOPc in the S. habrochaites background. Both
transgenic lines showed decreased leaf complexity (Fig. 4D and
SI Appendix, Fig. S20). All BOP transgenic plants, regardless of
species, showed changes in the number of leaflets, not leaflet
shape (Fig. 4 A–D). Given that LSH3b interacts with BOPa and
also binds to the PTS promoter, we queried the effects of down-
regulation of LSH3b in transgenic plants and showed that these
have increased leaf complexity, consistent with the function of
the BOP/LSH3b complex in down-regulation of PTS expression
(Fig. 2C and SI Appendix, Fig. S21). Thus, BOP, and by extension
the PTS GNM, might act as a genetic switch in leaflet initiation
in a species-dependent context.

Window of Morphogenetic Competence in the Leaf Maturation Schedule.
Finally, we investigated how the PTS GNM might regulate leaflet
development leading to the control of leaf complexity. Accumula-
tion of auxin, via transport by the auxin efflux carrier PIN1, delin-
eates leaflet position (27). BOP regulates the transcription of PIN1
as well as other auxin regulators such as ANT andMONOPTEROS,
which are placed on the core network (Dataset S10). We expressed
AtPIN1:PIN1-GFP as a marker of auxin response (27) in BOP RNAi
tomato. Although wild-type and BOP RNAi plants showed a similar
distribution of GFP at early leaf developmental stages, the P7 leaf
primordia of BOP RNAi plants, unlike wild type, continued to de-
velop auxin foci as evidenced by GFP between the developing
leaflets (Fig. 4E). We also expressed a synthetic auxin response
element pDR5rev:3XVENUS-N7 (39) in BOP RNAi tomato and
observed a similar readout of auxin foci compared with those seen
in the AtPIN1:PIN1-GFP plants (SI Appendix, Fig. S22). In addition,
the tomato entire mutant, which fails to down-regulate auxin re-
sponse between developing leaflets (27), completely suppresses
the iterative pattern of leaflet formation in the BOP RNAi
background (SI Appendix, Fig. S23). Thus, the modulation of leaf
complexity by BOP relies on existing patterns of auxin distribu-
tion. Even though we drove BOP RNAi and overexpression using
the Cauliflower Mosaic Virus 35S promoter, which expresses ec-
topically and constitutively throughout the plant body, including
all leaf cells (40), the spatial iterative pattern of the leaflets was
still maintained in these transgenic plants (Fig. 4 A–D). Taken
together, these data suggest that the PTS GNM could have a role
in defining the temporal window of morphogenetic competence

specified by auxin, without changing the spatial distribution of
auxin, to modulate leaf complexity.
Given that the PTS GNM regulates effective KNOX concen-

tration, this observation is consistent with the classical leaf
maturation schedule model, which states that KNOX influences
the temporal progression of a leaf cell through developmental
states (8, 41). This agrees with our morphometric analyses of leaf
development in the selected tomato species: the duration of leaf
maturation reflects their leaf complexity (SI Appendix, Fig. S1).
To further confirm the idea, we expressed pDR5rev:3XVENUS-
N7 in the three species (SI Appendix, Fig. S24). P4 leaf primordia
of S. pennellii maintained only one pair of auxin foci marking the
most proximal pair of leaflet sites and their terminal leaflet was
expanded. P4 leaf primordia of S. lycopersicum maintained two
pairs of auxin foci marking the two proximal pair of leaflet sites
and were still developing the terminal leaflet vasculature. P4 leaf
primordia of S. habrochaites continued to develop three or four
pairs of auxin foci at the leaf base marking leaflet initiation and
showed delayed terminal leaflet expansion with developing
lobes. Thus, auxin response is correlated with the differential leaf
maturation seen in the three tomato species, further corrobo-
rating the role of differential BOP expression in setting the
temporal window of morphogenetic competence specified by
auxin (Fig. 4F).

Conclusion
We have shown that evolutionary transcriptomics and network
construction have predictive power to identify GNM regulating
morphological evolution. Dynamic rewiring of interactions in the
leaf developmental GRN under PTS GNM regulation is causal
in generating evolutionary morphological diversity in leaf com-
plexity. This is mediated by altering the window of morphoge-
netic competence in the leaf maturation schedule. Considering
that previous quantitative genetics revealed polygenic contributions
to the natural variation in Solanum leaf shape (12, 42), other
modules might also underlie leaf shape evolution through modi-
fication of the leaf developmental GRN. Similar to homeobox
genes contributing to animal body plan evolution (43), our data
support the idea that the regulation of homeobox genes such as
KNOX was recruited repeatedly to influence leaf diversity (2, 7–10).
This regulation can use multiple inputs, including promoter
variation at KNOX (10), alterations in effective KNOX concen-
tration (2), alterations in KNOX expression patterns (7), as well
as modulation of the entire GRN regulating KNOX (this study).
Interestingly, we found that KNOX serves as a bridge con-
necting a peripheral GNM to the core network within the leaf de-
velopmental GRN. This finding suggests thatKNOX is repeatedly co-
opted to generate plant morphological diversity by virtue of its bot-
tleneck location in the GRN. We also show that evolutionary

Fig. 4. Evolutionary role of the BOP gene in gen-
eration of leaf complexity. (A–D) Mature leaves of
a wild-type and BOP RNAi S. lycopersicum (A), wild-
type and BOPa overexpression S. lycopersicum (B),
wild-type and BOP RNAi S. pennellii (C), wild-type
and BOPc overexpression S. habrochaites (D). The
dots indicate leaflets on the main leaf axis, which
characterizes leaf complexity. (E) Distribution of the
AtPIN1:PIN1-GFP marker in shoot apices and P7 leaf
primordia of wild-type and BOP RNAi tomato. The
white arrowheads indicate GFP expression in initi-
ating leaflets. The blue arrowheads indicate the
absence of GFP expression in the leaf primordium
of wild type. [Scale bars: 5 cm (A, B, and D); 1 mm
(C); 500 μm (E).] (F) Schematic diagram representing
the leaf morphospace in the tomato species com-
plex with three axes: BOP expression, the morpho-
genetic competence window, and leaf complexity.
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changes in peripheral GNMs can generate dynamic but fine-
tuned rewiring of interactions in the whole GRN, which may have
been exploited to create morphological diversity during the
course of evolution.

Materials and Methods
We made RNA-seq libraries using a high-throughput protocol (44) and
sequenced the libraries on Illumina HiSEq 2000 platform. The reads of
the three species were mapped to matched sets of reference cDNAs (17).
Read-mapped datasets are provided as Datasets S1 and S8. We performed
PCA with SOM clustering and GO enrichment analysis to select leaf de-
velopmental genes. For these genes, we constructed gene coexpression
networks with the cutoff values for Pearson correlation coefficient (ad-
justed P < 1.0 × 10−8) to capture known interactions. EMSAs to assess the
binding properties of LSH3 to PTS promoter were performed with the
LightShift Chemiluminescent EMSA Kit (Pierce). Protein interactions were
assayed using the GAL4 yeast two-hybrid system (Clontech). To validate
gene expression, quantitative RT-PCR (qRT-PCR) analysis was performed
and normalized to the reference gene Solyc04g064820 and/or Solyc03g111090
originally selected in this study for comparison across Solanum species. To
compare networks of different species, we constructed bootstrapped net-
works (cutoff values for Pearson correlation coefficient, adjusted P < 0.01)
based on 100 bootstrapped replications. All data analysis was performed on
the iPlant cyberinfrastructure platform. BOP and LSH expression was
manipulated by genetic transformation. Conserved sequences among three

BOP genes inserted in RNAi constructs for knockdown and whole coding
sequences of BOP genes for overexpression were driven by the ectopic and
constitutive 35S promoter. Plasmids were transformed into S. lycopersicum,
S. pennellii, and S. habrochaites at the Ralph M. Parsons Foundation Plant
Transformation Facility (University of California, Davis, CA). The methods are
detailed in SI Appendix. For primer sequences, see Dataset S12.
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