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Abstract 26 

Seed development is an evolutionarily important phase of the plant life cycle that governs the 27 

fate of next progeny. Distinct sub-regions within seeds have diverse roles in protecting and 28 

nourishing the embryo as it enlarges, and for the synthesis of storage reserves that serve as an 29 

important source of nutrients and energy for germination. Several studies have revealed that 30 

transcription factors (TFs) act in fine coordination to regulate target genes that ensure proper 31 

maintenance, metabolism, and development of the embryo. Here, we present genome-wide 32 

predictions of seed-specific regulatory interactions between TFs and their target genes in the 33 

model plant Arabidopsis thaliana. The network is based on a panel of high-resolution seed-34 

specific gene expression datasets and takes the form of a module-regulatory network. TFs that 35 

are well studied in the literature were often found at the top of the predicted ranks for the module 36 

that corresponds to their validated function role. Furthermore, we brought together a dedicated 37 

web resource for the systematic analysis of transcriptional-level regulatory programs underlying 38 

the development of seeds (https://plantstress-pereira.uark.edu/SANe/). The platform will enable 39 

biologists to query a subset of modules, TFs of interest, as well as analyze new transcriptomes to 40 

find modules significantly perturbed in their experiment.   41 
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Introduction 53 

The evolutionary success of plants lies in their ability to produce seeds and aid their dispersal, 54 

which ensures the progression of generations. Seeds are complex organized structures that help 55 

plants pause their life cycle under unfavorable conditions, and resume growth once 56 

environmental conditions become favorable. Like all angiosperms, in Arabidopsis, a double 57 

fertilization event marks the beginning of seed development that progresses into the development 58 

of the embryo, endosperm and seed coat over a period of 20-21 days after pollination. These 59 

morphologically distinct sub-compartments within a seed play diverse roles and function in 60 

concert during the entire phase of seed formation. During maturation, the synthesis of storage 61 

reserves takes place and developmental programs like desiccation tolerance and dormancy are 62 

initiated. These seed storage reserves are the fuel for seedling emergence during germination.     63 

Several transcription factors (TFs) that regulate various aspects of seed development as 64 

well as germination have been revealed by genetic screens (Grossniklaus et al., 1998; Lotan et 65 

al., 1998; Ogas et al., 1999; Johnson et al., 2002; To et al., 2006). Among these TFs, three 66 

members of the B3 super family, namely, LEAFY COTYLEDON 2 (LEC2), ABSCISIC ACID 67 

INSENSITIVE 3 (ABI3) and FUSCA3 (FUS3), along with two members of the LEC1-type, LEC1 68 

and LEC1-LIKE that together form the ‘LAFL’ network (Jia et al., 2013), are the most prominent 69 

players of seed maturation. However, the existing LAFL network is still incomplete and 70 

represents only a subset of regulatory networks active during seed development. The functional 71 

roles of several other TFs that express in seed tissues remains largely unknown. Although 72 

genetic interactions, functional redundancy and cooperativity between TFs will be more 73 

accurately revealed by genetic perturbations, an underpinning of seed regulatory networks from a 74 

computational standpoint will provide tools for quick identification and prioritization of 75 

candidates for experimentation in vivo.           76 

DNA microarrays have served as efficient experimental systems for simultaneously 77 

probing genome-wide transcriptional level activities of specific cellular states. In recent years, an 78 

upsurge in the availability of these high-throughput gene expression datasets motivated 79 

coexpression based approaches to be applied for an understanding of gene functions. An 80 

integrative analysis of expression datasets enables the estimation of similarity in patterns of gene 81 

expression across a diverse set of experimental conditions. Genes with similar expression 82 
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profiles are grouped into clusters of coexpressed genes. Functional (Castillo-Davis and Hartl, 83 

2003) and genomic (Huttenhower et al., 2009) annotations of these gene clusters then aid in 84 

making functional predictions of uncharacterized genes within these clusters (Childs et al., 85 

2011). There are several such coexpression databases across many model organisms that are now 86 

being actively used in gene function prediction and gene prioritization for experimental assays in 87 

plants (Obayashi and Kinoshita, 2011; Sato et al., 2012; Yim et al., 2013; Aoki et al., 2016).   88 

 Coexpression networks, however, lack information about regulatory interactions 89 

represented in the expression data. Genes encoding regulatory proteins (e.g., TFs) coordinately 90 

regulate the biological functions of multiple target genes by directly interacting with their 91 

promoters and activating or repressing their expression. Since TFs are themselves 92 

transcriptionally regulated, they can also be targets of other TFs, giving the network a 93 

hierarchical structure (Ma et al., 2004; Spitz and Furlong, 2012). Hence, a strongly coexpressed 94 

TF-gene pair might not necessarily mean a direct physical interaction, but can be observed as an 95 

indirect regulatory effect, even if they co-occur in a single functionally related cluster. Moreover, 96 

the affinity of a TF for a target gene can be highly tissue-specific or dependent on the metabolic 97 

state of the cell. Therefore, to deduce a regulatory network prioritizing TFs, the underlying 98 

expression data should have a unifying biological context (e.g. datasets for a specific tissue or 99 

condition) and coexpressed edges should be filtered for indirect interactions to minimize false 100 

positives. However, inferring accurate regulatory networks using solely gene expression data 101 

requires a large number of empirical data points for each space and time combination, for a 102 

robust statistical and biological inference. Nonetheless, for plant biologists, accumulated datasets 103 

in Arabidopsis are large enough to elucidate specificity of coexpression and predict key 104 

functional roles of TFs. 105 

In recent years, several reverse engineering solutions have been brought forward that aim 106 

to model coexpression data in a way such that direct interactions involving known regulatory 107 

genes are given a priority (Basso et al., 2005; Faith et al., 2007; Huynh-Thu et al., 2010). These 108 

algorithms use a successive edge filtering step to recover potentially direct interactions between 109 

TFs and their targets. For example, the ARACNE algorithm assumes that in a triplet of 110 

connected nodes, the edge with lowest coexpression score is representative of an indirect 111 

interaction (Margolin et al., 2006). The GENIE method sets a feature selection problem for every 112 
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gene to find the best subset of regulators from all the remaining genes (Huynh-Thu et al., 2010). 113 

The CLR algorithm aims to identify direct transcriptional interactions by using a background 114 

correction scheme that suppresses noise arising due to high correlations between indirect 115 

interactions (Faith et al., 2007). These algorithms have all been successfully used for inferring 116 

plant gene regulatory networks (Yu et al., 2011; Chavez Montes et al., 2014; Vermeirssen et al., 117 

2014).  118 

In the work presented here, we focused on a comprehensive published gene expression 119 

dataset acquired from the seed development phases of Arabidopsis (Belmonte et al., 2013), and 120 

constructed a regulatory network highly predictive of seed-specific functions of TFs (Fig. 1). 121 

First, we harnessed the power of coexpression and graph clustering to partition genes into 122 

functionally related modules, and mapped the spatio-temporal activities of these modules. 123 

Simultaneously, for every identified TF in the Arabidopsis genome, we computed its partial 124 

coexpression score with every possible target gene and used these scores as a parameter for gene 125 

set enrichment analysis using coexpressed modules as gene sets. In this way, we could identify 126 

the modules that were statistically-most-likely targets of each TF. Using systematic reduction of 127 

data points and prior knowledge from the literature to interpret the associations, we observed that 128 

several TFs that are known to have an aberrant seed phenotype were predicted as the most 129 

significant regulators of modules for which their function has been experimentally validated. For 130 

example, a recently discovered association between the TF AGL67 and desiccation tolerance 131 

(González-Morales et al., 2016), and MYB107 and suberin (Lashbrooke et al., 2016) was 132 

correctly predicted in our network. These and several other correctly predicted associations 133 

(described later in the text) motivated us to create an online resource for the community. Our 134 

network, which we termed the ‘Seed Active Network’ or SANe, is hosted at https://plantstress-135 

pereira.uark.edu/SANe/ to provide a network-based understanding of seed development.  136 

 137 

  138 
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Results 139 

Seed coexpression network 140 
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To avoid implementing procedures of minimizing batch effects and the errors associated with 141 

microarray data integration (Chen et al., 2011; Nygaard et al., 2015), we chose Arabidopsis gene 142 

expression profiles from the data super series labeled GSE12404 in the gene expression omnibus 143 

(GEO) database (Barrett et al., 2007). This series is comprised of 87 samples derived from 6 144 

discrete stages of seed development, and 5-6 different compartments within each stage, reflecting 145 

the most comprehensive source of Arabidopsis seed-specific gene expression profiles. With a 146 

sample size large enough for statistical inferences, these datasets were also devoid of the 147 

ambiguities introduced by the context under which the experiment was performed (intra-148 

laboratory bias), one of the major problems in context-driven integrative analyses of gene 149 

expression data. We normalized and summarized this expression data into an integrated gene 150 

expression matrix using a custom CDF file of Arabidopsis microarray to reduce off-target 151 

hybridizations (Harb et al., 2010). Pearson’s correlations (PC) scores between all gene-pairs in 152 

the gene expression matrix were then calculated and mapped to Z scores using Fisher’s Z-153 

transformation (Huttenhower et al., 2006). Gene pairs with significantly high correlation in 154 

expression (PC 0.753, Z-score >1.96) were connected and the rest filtered out. We named this 155 

core of raw coexpression data with ~7.6 million edges as the Arabidopsis seed coexpression 156 

network (ASCN).  157 

Identification of clusters in coexpression data 158 

Identification of communities, or clustering, is the most prominent step in network based 159 

interpretation of genomic data. In terms of gene expression data, clustering provides a useful way 160 

to group genes with similar expression profiles together. The need for gene grouping is based on 161 

the percept that expression similarity is indicative of similarity in function (Eisen et al., 1998). 162 

Therefore, clustering furthers an understanding of the function of a previously uncharacterized 163 

gene, based on known functions of other members of the same group. However, the choice of 164 

clustering method heavily influences the accuracy of functional predictions (Yeung et al., 2001). 165 

Clustering algorithms typically require either a predefined number of clusters, as in k-means 166 

clustering, or the process is semiautomatic (Langfelder and Horvath, 2008), and is sometimes 167 

computationally expensive.    168 

In our network framework, we used an unbiased data-driven method to cluster genes 169 

within the ASCN. The density of a cluster, measured as the ratio of the number of observed 170 
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edges in a cluster to the total number of expected edges, reflects cohesiveness among the 171 

members of the same cluster. The SPICi algorithm evaluates density to group similar genes in a 172 

biological network, while considering the confidence weight on each edge (Jiang and Singh, 173 
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2010). We sought to identify an optimum density threshold (Td) that yields clusters at a 174 

granularity that delivers biological information, while preserving the inherent topological 175 

features of the network. A range of Td values were evaluated for performance in loss or gain of 176 

information, with a goal of separating genes into as many clusters as possible, without losing 177 

many genes originally present on the microarray. At Td 0.80, 84% of the ASCN genes formed 178 

1563 clusters, after which a significant loss of information occurred, as indicated by a sharp fall 179 

in the fraction of total genes retained (Fig. 2A).  At the same threshold of 0.80, the average 180 

modularity within clusters was also maximized (at a bearable cost of gene loss) (Fig 2B). 181 

Modularity measures how functionally separable the clusters are, in the sense that how well 182 

genes within a clusters interact with each other as compared to genes outside the cluster (Albert, 183 

2005).    184 

For a function-level analysis, it is also important that genes within each cluster are 185 

representative of common biological functions, as grouping genes would not yield any functional 186 

predictions if at least one putative function of the group is not known. To further establish 187 

confidence in Td 0.80 as the best solution for partitioning, we evaluated each Td for its ability to 188 

categorize known information about Arabidopsis biological pathways derived from the Gene 189 

Ontology (GO) annotated gene sets in the biological process (BP) category. A full set of 190 

annotation terms satisfying the parent-child relationships were used to find overlaps with clusters 191 

obtained at every Td. The significance of overlap was tested under the hypergeometric 192 

distribution (see “Methods”). The functional coherence of the network, evaluated based on the 193 

total number of clusters with enriched BP terms, total number of distinct BP terms and the 194 

overall functional enrichment score, was also found to be best preserved at Td 0.80 (Fig 2B and 195 

2C). 196 

Overall, the network lost its stability and collapsed at Td values exceeding 0.80, as 197 

indicated by all measured clustering parameters (Fig. 2). Hence, 1563 dense clusters obtained at 198 

Td 0.80 were used for further analysis. The total number of genes in these modules amounts to 199 

17,949 (Supplemental Data S1).  200 

Transcriptional regulators of seed modules 201 

Modules of coexpressed genes in ASCN retained information about possible functional 202 

interactions between genes and their responses during different stages of seed development. This 203 
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greatly expanded upon the currently available functional annotations of Arabidopsis genes, as the 204 

genes that were lacking functional annotations now have at least one putative function assigned 205 

based on their module participation. The next task was to leverage on this information in the 206 

coexpression data and identify key TFs that statistically associate with each of the ASCN 207 

modules. There are 1921 unique locus IDs in the Plant Transcription Factor Database (Jin et al., 208 

2014), the AGRIS database (Yilmaz et al., 2011) and the Database of Arabidopsis Transcription 209 

Factors (Guo et al., 2005), corresponding to TF genes in Arabidopsis. We used this 210 

comprehensive list to obtain transcriptional regulators for our analysis.  211 

Simply associating genes as targets of TFs that they ‘highly coexpress’ with (first 212 

neighbors) is prone to the occurrence of false positives in a genome-scale analysis. This 213 

occurrence is mainly due to correlations arising from indirect regulation or coincidental 214 

coexpression of genes involved in different and unrelated processes that need to be active under 215 

the same circumstances. To minimize this effect, we calculated how likely a predicted TF-gene 216 

interaction was given the empirical background distribution of correlation scores of both the 217 

genes under consideration (Faith et al., 2007) (reported as a Z-score, see Methods) 218 

(Supplemental Data S2). Next, we sought to identify those modules that had higher enrichment 219 

of most probable targets for each TF. Instead of choosing an arbitrary cutoff for selecting targets, 220 

we used the entire set of predictions for each TF, weighted by Z-scores, and worked under the 221 

framework of Parametric Analysis of Gene set Enrichment (PAGE) (Kim and Volsky, 2005). 222 

The PAGE algorithm uses the normal distribution for statistical inference and states the degree of 223 

enrichment (here ‘association’) of a given gene set (here module) amongst the most highly 224 

scored predicted targets of a given TF. This analysis is essentially similar to that of a two-tail 225 

enrichment test with GO BP terms (treated as gene sets) (Ambavaram et al., 2011). Here, the 226 

difference was that gene sets from coexpression clusters observed in a specific tissue was used. 227 

To provide a normal distribution for association scoring, we used only those modules that had 228 

more than 10 genes, as suggested by the authors of the PAGE algorithm. Using this robust 229 

formulation, 1819 TFs were linked to 278 modules comprised of 10,526 genes (cluster 1 with 230 

1621 genes was considered an outlier cluster because it contained disproportional number of 231 

genes as compared to other clusters). We labeled this network core as ‘TF-Module Network’ 232 

(TMN). TMN is represented as a matrix with TFs in rows and modules in columns, with each 233 

cell in the matrix representing a TF-module association score given by PAGE (Fig. 3A).  234 
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The TMN provides a regulatory map of seed transcriptional activities, in the form of a 235 

bipartite graph, with TFs as one set of nodes and sets of genes reduced to their ‘functions’ as 236 

another set of nodes, and edges weighted by the degree of association between the corresponding 237 
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TF and the function. For visualization, we selected the top 5 predicted TF regulators for each 238 

module, ranked based on absolute association scores, and visualized TMN as a graph in 239 

Cytoscape (Fig. 3B; Supplemental Data S3). A total of 900 regulators were represented in top 5 240 

predictions for each of the 278 modules. Most the modules were found indirectly connected due 241 

to combinatorial links between their predicted TF regulators, forming a dense network while 11 242 

modules shared no common predicted TF regulators with other modules.    243 

Modules active during seed development 244 

Seed-specific genes were previously discovered as those that were present only in seed tissues, 245 

and not in other reproductive or vegetative parts of the plant (Le et al., 2010; Belmonte et al., 246 

2013). We sought for those modules that harbored at least one such gene and identified a core set 247 

of 120 modules comprised of 7414 genes. We called these modules as ‘active modules’. We 248 

reasoned that because these modules retained genes specific to seed development, their 249 

coexpression neighborhood – along with the top ranked regulators – will pave way to 250 

identification of transcriptional networks modulated specifically during seed development, or 251 

involved in important seed functions. Therefore, novel TFs that are already part of these 252 

modules, or emerge as the top regulators will automatically become the primary candidates for 253 

testing seed phenotypes, largely reducing the search space. Also, the strategy of probing TMN 254 

with a list of genes already prioritized had less chances of observing false positives from a gamut 255 

of predicted regulatory programs, while making the process of interpreting the regulation 256 

patterns easier. We labelled this core of 120 active modules along with their scored TF regulators 257 

as the ‘Seed Active Network’ (SANe) (Supplemental Data S4). 258 

We simultaneously mapped the expression patterns of each module spatially and 259 

temporally (seed compartment wise and development stage wise), by averaging the expression of 260 

module genes in each seed-compartment irrespective of the development stage or within each 261 

development stage irrespective of the seed compartment. After interfacing the expression 262 

patterns of each module with BPs and known cis regulatory elements (CREs) (Supplemental 263 

Data S5 and S6; see “Methods”) and predicted sets of top regulators, a few modules that had 264 

high expression in different seed compartments (embryo, endosperm and seed-coat regions) were 265 

visually examined using heatmaps (Fig. 4). These modules expand a wide variety of cellular 266 

processes, including flavonoid metabolism during seed coat formation, lipid storage and 267 
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photosynthesis during endosperm development and auxin transport and tissue development from 268 

early to late stages of embryogenesis. Visualization of a few modules revealed that there is a 269 

high intra-module connectivity between modules that participate in the same developmental 270 
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program in a tissue-specific manner, albeit with different biological goals (Fig. 5). A few such 271 

modules are described below. 272 

Modules for early embryo development 273 
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Three modules designated as M0089, M0200 and M0277 comprised 54, 31 and 33 genes, 274 

respectively, expressed at relatively high levels in the embryonic tissue when compared to other 275 

seed compartments (Fig. 6A). These genes are significantly enriched with BP terms like “organ 276 

development”, “tissue development”, “axis specification” and “auxin transport”. This is 277 

consistent with processes related to embryo development, involving morphogenesis-related and 278 

other cellular processes that govern gene activity related to cell division and expansion, 279 

maintenance of meristems and cell fate determination (Wendrich and Weijers, 2013).  280 

M0089 harbors genes related to reproductive tissue development and cell division. 281 

ATDOF5.8 (AT5G66940) was predicted as the top regulator of M0089. The ATDOF5.8 gene is 282 

most highly expressed in embryo and meristem cells (Supplemental Fig. S1A) based on the 283 

Genevisible tool in GENEVESTIGATOR (Zimmermann et al., 2004). It has been shown that 284 

ATFOD5.8 is an abiotic stress-related TF that acts upstream of ANAC069/NTM2 (AT4G01550) 285 

(He et al., 2015). Interestingly, the NTM2 gene resides at a locus adjacent to another NAC 286 

domain TF, NTM1 (AT4G01540), a regulator of cell division in vegetative tissues (Kim et al., 287 

2006). Kim et al. did not detect NTM2 expression in leaves by RT-PCR. However, they indicated 288 

that because both NTM genes have similar structural organization, encoding proteins with a few 289 

differences in the protein chain, NTM2 could be involved in similar processes in other tissues. 290 

Our predictions suggest that NTM2 could be in the ATDOF5.8 regulon associated with 291 

modulating cell division activity in the seed. This leads to a new testable hypothesis pertaining to 292 

regulation of cell division during embryogenesis. Among other known regulators, BABY BOOM 293 

(BBM, AT5G17430) was predicted as one of the top ranked TF (rank 4) of M0089. BBM is an 294 

AP2 TF that regulates the embryonic phase of development (Boutilier et al., 2002).  295 
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YAB5 (AT2G26580) and ATMYB62 (AT1G68320) were predicted the top ranked 296 

regulators of M0200 and M0277, respectively. While the agreement of YAB5 as a determinant 297 

of abaxial leaf polarity (Husbands et al., 2015) and enrichment of M0200 with GO BP term “axis 298 
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specification” (GO:0009798) justifies this association, the association of ATMYB62 with 299 

M0277 indicates a hormonal interaction likely representing a transition between the growth 300 

stages. ATMYB62 encodes a regulator of gibberellic acid biosynthesis (Devaiah et al., 2009) and 301 
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is expressed specifically during seed development (Belmonte et al., 2013). M0277 is enriched 302 

with “auxin transport” genes (GO:0009926). The ATMYB62 gene is preferentially expressed in 303 

the abscission zone and other reproductive tissues (Supplemental Fig. S1B). 304 
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  305 

Modules for Endosperm Development  306 

The endosperm has a profound influence on seed development by supplying nutrients to the 307 

growing embryo (Portereiko et al., 2006; Chen et al., 2015). The importance of endosperm 308 

cellularization for embryo vitality has been shown through mutants deficient in endosperm-309 

specific fertilization events (Kohler et al., 2003). The overall seed size depends on endosperm 310 

development and is controlled through the relative dosage of accumulated paternal and maternal 311 

alleles (Luo et al., 2005).  312 

We found that genes in modules M0003 and M0011 had maximal expression levels in 313 

endosperm tissues (Fig. 6B). M0003 is significantly enriched with genes involved in lipid 314 

storage (GO:0019915) and fatty acid biosynthesis (GO:0006633). LEC1-LIKE (L1L, 315 

AT5G47670) emerged as the top regulator of this module. LIL is related to LEAFY 316 

COTYLEDON 1 (LEC1) and functions during early seed filling as a positive regulator of seed 317 

storage compound accumulation (Kwong et al., 2003). Interestingly, L1L is also part of this 318 

module indicating that, apart from being a master regulator, its activity is also modulated during 319 

the late seed filling stages as observed previously (Kwong et al., 2003), which correlates with the 320 

overall expression pattern of genes within this module (Supplemental Fig. S2). The presence of 321 

44 other TFs in this module, including FUS3 and ABI3, key regulators of seed maturation (Keith 322 

et al., 1994; Luerßen et al., 1998; Yamamoto et al., 2009), points to the importance of this 323 

module in nutrient supply to the developing embryo. LDB18 (AT2G45420) is a LOB-domain 324 

containing protein of unknown function predicted as the second ranked regulator of this module. 325 

GENEVESTIGATOR analysis showed that both L1L and LDB18 are most highly expressed in 326 

the micropylar endosperm (Supplemental Fig. S3).   327 

M0011 is comprised of 357 genes, including 7 TFs and is characterized by containing 328 

genes with high expression levels in the micropylar endosperm (ME) and the peripheral 329 

endosperm (PE). GO enrichment analysis showed the highest scores for photosynthesis 330 

(GO:0015979) of genes in this module.  Close examination of these genes revealed that virtually 331 

all aspects associated with chloroplast formation and function were represented, including 332 

chloroplast biogenesis and membrane component synthesis, chlorophyll biosynthesis, plastidic 333 

gene expression, photosynthetic light harvesting and electron transport chain, ATP production, 334 
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redox regulation and oxidative stress responses, Calvin cycle and photosynthetic metabolism, 335 

metabolite transport, and retrograde signaling.  Interestingly, genes encoding photorespiratory 336 

enzymes (glycine decarboxylase, glyoxylate reductase, and hydroxypyruvate reductase) were 337 

also present in M0011.  Developing oilseeds are known to keep extremely high levels of CO2 338 

that would suppress photorespiration (Goffman et al., 2004), and the implications of expression 339 

of these genes on photosynthetic metabolism are not clear. 340 

The presence of mostly photosynthetic genes in M0011 seems also unusual, but the 341 

results are consistent with findings of (Belmonte et al., 2013), showing that specific types of 342 

endosperm cells are photosynthetic, as they contain differentiated chloroplasts and express 343 

photosynthesis-related genes.  Fully differentiated embryos at the seed-filling stages and the 344 

chlorophyll-containing inner integument ii2 of the seed coat are parts of oilseeds that are also 345 

capable of photosynthesis (Belmonte et al., 2013; Sreenivasulu and Wobus, 2013).  Although 346 

seeds obtain the majority of nutrients maternally, Arabidopsis embryos remain green during seed 347 

filling and maintain a functional photosynthesis apparatus similar to that in leaves (Allorent et 348 

al., 2015).  As part of photoheterotrophic metabolism, photosynthesis provides at least 50% of 349 

reductant in oilseed embryos and CO2 is re-fixed through the RuBisCo bypass that helps to 350 

increase carbon-use efficiency in developing oilseeds (Ruuska et al., 2004; Schwender et al., 351 

2004; Goffman et al., 2005; Fait et al., 2006). The roles for photosynthesis in ME and PE remain 352 

to be investigated and include (i) providing carbon and energy for storage compound 353 

accumulation in the endosperm and the embryo and (ii) increasing the availability of oxygen to 354 

the endosperm and differentiating, yet-to-be photosynthetic, embryos in a high-CO2 355 

environment. 356 

CRE analysis revealed the highest number of motifs enriched in the promoters of genes in 357 

M0011, suggesting extensive coordination between different regulators. Light-related motifs 358 

BOXIIPCCHS (ACGTGGC), IRO2OS (CACGTGG3), IBOXCORENT (GATAAGR) and the 359 

ABA-responsive element ACGTABREMOTIFA2OSEM are the most over-represented motifs in 360 

this module.  The highest ranked regulator of M0011 is a SMAD/FHA domain-containing 361 

protein (AT2G21530) that is most highly expressed in the cotyledons (Supplemental Fig. S4A).  362 

The known seed-specific regulator of oil synthesis and accumulation WRI1 (AT3G54320) was 363 

identified as the sixth ranked regulator of this module and is suggested to be predominantly 364 
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expressed in the embryo and endosperm (Supplemental Fig. S4B). WRI1 encodes an AP2/ERF-365 

binding protein and wri1 seeds have about 80% reduction in oil content relative to the wild type 366 

seeds (Ruuska et al., 2002). Genetic and molecular analysis revealed that WRI1 functions 367 

downstream of LEC1 (Baud et al., 2007). Along with WRI1 itself, six other TFs are part of this 368 

module, including AT2G21530, a zinc finger (C2H2) protein (AT3G02970), NF-YB3 369 

(AT4G14540), PLT3 (AT5G10510), GIF1 (AT5G28640) and PLT7 (AT5G65510).    370 

Modules for Seed Coat development 371 

The seed coat has important functions in protecting the embryo from pathogen attack and 372 

mechanical stress. The seed coat encases the dormant seed until germination and maintains the 373 

dehydrated state by being impermeable to water.  M0034 is comprised of 149 genes with the 374 

highest expression in general, and specifically in chalazal seed coat relative to other tissues (Fig. 375 

6C). This module is enriched with genes annotated under the GO BP terms “phenylpropanoid 376 

biosynthetic process” (GO:0009699) and “flavonoid biosynthesis process” (GO: 0009813). The 377 

AP2/B3-like TF AT3G46770 is highly expressed in seed coat (Supplemental Fig. S5A) and 378 

predicted as the top regulator in this module. B3 domain TFs are well known for functioning 379 

during seed development and transition into dormancy in Arabidopsis (Suzuki and McCarty, 380 

2008) and, to some extent, their functions are conserved in cereals (Grimault et al., 2015).  The 381 

seed-coat-specific expression of AT3G46770 is a compelling incentive for testing AT3G46770 382 

mutants for seed-related phenotypes, which to the best of our knowledge, has never been 383 

considered. There were 21 other TFs belonging to this module, of which six are part of the MYB 384 

family. TRANSPARENT TESTA 2 (TT2), a MYB family regulator of flavonoid synthesis (Nesi 385 

et al., 2001), was ranked fourth in our predictions for this module.  386 

M0071 is composed of 77 genes encoding, surprisingly, only 3 TFs, ERF38 387 

(AT2G35700), BEL1-LIKE HOMEODOMAIN 1 (BLH1, AT2G35940) and a C2H2 super 388 

family protein (AT3G49930). This module is enriched with genes involved in “xylan metabolic 389 

process” (GO:0045491), “cell wall biogenesis” (GO:0009834), and “carbohydrate biosynthetic 390 

process” (GO:0016051). KANADI3/KAN3 (AT4G17695) was predicted as the top regulator of 391 

this module. KANADI group of functionally redundant TFs (KAN1, 2, and 3) has been shown to 392 

play roles in modulating auxin signaling during embryogenesis and organ polarity (Eshed et al., 393 

2004; McAbee et al., 2006; Izhaki and Bowman, 2007). In the case of another KANADI TF, 394 
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KAN4, encoded by the ABERRANT TESTA SHAPE gene, the lack of the KAN4 protein resulted 395 

in congenital integument fusion (McAbee et al., 2006). It is reasonable to hypothesize that 396 

KAN3 could be acting in a redundant manner with KAN4 to regulate seed coat formation during 397 

late stages of maturation, as the expression pattern of KAN3 is higher in seed coat than in other 398 

organs or cell types (Supplemental Fig. S5B). 399 

Module M0006 is related to seed desiccation tolerance 400 

M0006 is comprised of 220 genes expressed predominantly during the mature green stage (Fig. 401 

7A), and enriched with genes involved in “response to abscisic acid stimulus” (GO:0009737), 402 

“response to water” (GO:0009415) and terms related to embryonic development (GO:0009793), 403 

altogether suggesting an involvement of these genes in acquisition of desiccation tolerance (DT). 404 

We predicted AGL67 (AT1G77950) as a major regulator of this module, among 23 other TFs 405 

that are part of this module (Fig. 7B). AGL67 has been recently confirmed as a major TF 406 

involved in acquisition of DT (González-Morales et al., 2016), validating our prediction. 407 

Additionally, the authors of this study analyzed the mutants of 16 genes (TFs and non-TFs) that 408 

had reduced germination percentage, of which 12 are in our network and 7 of these are a part of 409 

M0006. These 7 genes include PIRL8 (AT4G26050), ERF23 (AT1G01250), OBAP1A 410 

(AT1G05510), DREB2D (AT1G75490), AT1G77950 (AGL67), AT2G19320 and MSRB6 411 

(AT4G04840).   412 

 413 

Characteristics of seed-specific networks 414 

The primary objective of this network analysis pipeline was to capture gene regulation 415 

information in a tissue-specific manner. To examine the effect of this approach and to identify 416 

the distinguishing characteristics of the seed regulatory network that differed from a global 417 

network (non-tissue specific regulatory network), we extended the seed expression compendium 418 

to incorporate an additional set of 140 datasets related to profiling gene expression from various 419 

organs of the Arabidopsis plant, including vegetative and seedling growth stages. Using the same 420 

reverse engineering approach as described above, we scored each TF-target pair on this extended 421 

expression compendium (EEC). Next, to delineate the distinguishing properties of seed 422 

networks, we compared the level of co-regulation induced by TFs, measured as similarity in the 423 
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predicted targets of each TF-pair, using Jaccard’s coefficient (JC), in both the seed-specific 424 

network and the global regulatory network created using EEC. As expected, a larger number of 425 

TFs have very few common targets, and this number is high for fewer TFs in both the networks 426 
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(Fig. 8A). A larger number of TFs have similar targets in the seed network at any given JC bin, 427 

as compared to the global network.   428 
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Although false positives and false negatives are part of any network based predictions, 429 

we suspected that the trends observed in comparison of the seed-specific and the global network 430 

could be trivial if there were correlated errors arising from the same network prediction pipeline 431 

for both networks. To overcome this uncertainty, we downloaded and analyzed the recently 432 

published Arabidopsis oxidative stress gene regulatory network predicted from a compendium of 433 

microarrays conditioned on abiotic stress (Vermeirssen et al., 2014). This abiotic-stress specific 434 

network is essentially a consensus network of an ensemble of reverse engineering algorithms, 435 

and performed remarkably well in validations (Vermeirssen et al., 2014). We then computed the 436 

overlaps in the predicted targets of TFs in this network (as done for networks in this study) and 437 

observed that it follows a trend very similar to that of the global network (Fig. 8A), indicating 438 

that there was no major bias introduced by our approach. 439 

To extend the comparisons, we performed the same operation to the Arabidopsis thaliana 440 

Regulatory Network (AtRegNet) and the AraNet (Lee et al., 2010). AtRegNet harbors about 441 

17,000 direct edges validated for TFs and their target genes. AraNet is a co-functional network 442 

derived by integrating 24 -omics datasets from multiple organisms in a machine-learning 443 

framework.  Both networks showed a similar gradual decrease in fraction of TFs with similar 444 

targets with higher JC values (Fig. 8A), similar to trends observed in networks with a ‘functional 445 

context’ above. However, we used these networks for comparison only as a rough guide as the 446 

AraNet was not designed to prioritize regulatory interactions and holds only approximately 447 

60,000 such edges, and the AtRegNet harbors very few TFs when compared to those in our list. 448 

We assumed that both these limitations would make the analysis suffer from the extreme loss of 449 

transcriptional signal. However, the robustness of gene relationships predicted in the AraNet was 450 

clearly evident as more than 20% of the original TFs in the network presumably interacted even 451 

in the highest JC bin, larger than any other networks compared. Overall, the number of TFs 452 

observed at any given JC bin in all networks was significantly larger than in a random network. 453 

All TF-pairs with JC > 0.70 (arbitrarily chosen stringency) from the seed-specific network were 454 

connected and visualized as a graph in Cytoscape (Shannon et al., 2003) revealing many 455 

connections supported by multiple networks (Supplemental Fig. S6)  456 

About 59% of all genes (23% of all modules) in TMN have at least one known plant CRE 457 

enriched in their coexpression neighborhood, with a few modules harboring a large number of 458 
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different CREs (e.g., Photosynthesis module described earlier) (Fig. 8B). Approximately 45% of 459 

total edges in ASCN have an absolute PC score more than 0.9, indicating a highly cohesive 460 

network structured for a subtle developmental program. 461 

 For evaluation of ‘hubs’, we selected top 10 TF predictions for each active module in 462 

SANe (based on ranked association scores), and counted the number of modules associated with 463 

each TF. We observed that 41% of these TFs (552 out of 1339), likely regulate expression of 464 

genes in only one module each, while a single TF, NAP57 (AT3G57150), was predicted to be 465 

associated with the maximum number of modules (9 out of 120) (Fig. 8C). The NAP57 gene 466 

encodes the Arabidopsis dyskerin homolog involved in maintaining telomerase activity (Kannan 467 

et al., 2008). As expected, 5 out of 9 modules containing genes whose expression is predicted to 468 

be regulated by NAP57 are enriched in GO BP terms such as “DNA metabolic process”, 469 

“ribonucleoprotein complex biogenesis”, “RNA processing” and “ribosome biogenesis”. This 470 

association was true even on the level of individual targets predictions for majority of the other 471 

seed-hubs, in both, the seed and global networks (Table 1), indicating that these TFs are 472 

responsible for perpetual regulation of important basic processes like biogenesis of cell 473 

components, maintenance of cell shape and structure, nucleic acid metabolism etc. A weak but 474 

significant enrichment was found between WRKY13 (AT4G39410), a biotic and abiotic stress 475 

regulator (Qiu et al., 2007; Xiao et al., 2013), and the GO term ‘immune system response’ only 476 

in the seed network.  477 

The SANe webserver  478 

The data generated in this study are represented on a web-based interactive platform available at 479 

https://plantstress-pereira.uark.edu/SANe/. The platform allows users to investigate seed 480 

development in three different modes (Fig. 9):1) Select modules with high expression in 481 

compartment – or stage-specific manner, 2) Using the ‘cluster enrichment tool’ to upload a 482 

differential expression profile (e.g. transcriptome of a TF mutant) and identify clusters that 483 

significantly perturb in their experiment and 3) enter the locus ID of a TF of interest to identify 484 

clusters that are likely regulated by that TF, enabling the user to gain a insight on its functional 485 

role prior to an in vivo validation. Furthermore, the webserver allows users to visualize the 486 

expression of resulting modules/clusters as publication-ready downloadable heatmaps, as well as 487 

plot gene connection graphs using Cytoscape (Lopes et al., 2010). 488 
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   489 

  490 
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Discussion 491 

Plant seeds are complex structures and seed formation is perhaps the most important 492 

developmental phase of a plant life cycle, as it determines the fate of the next progeny. Distinct 493 

cell types and organs within a seed gradually develop during a period of 20-21 days after 494 

pollination in Arabidopsis. In addition, each organ is subjected to its own developmental 495 

program and has different, but equally important functions, from feeding and providing optimal 496 

growth conditions to protecting the embryo to ensure species propagation. These processes are 497 

tightly regulated by synergistically acting TFs (To et al., 2006).     498 

We devised a new methodology that relies on existing statistical methods that are widely 499 

accepted, for the discovery of a modular regulatory network. Using a seed-tissue specific 500 

expression dataset, this method facilitated identification of modules of co-regulated genes, the 501 

corresponding development phases in which the modules express most, CREs that drive the 502 

biological functions encoded by the genes within modules, and TF regulators that likely govern 503 

the expression of the genes in the modules. Our method is limited to making functional 504 

predictions for TFs in a tissue-specific manner, and might not accurately predict individual 505 

targets of a given TF. This limitation is partly due to the use of a single data-type; a heterogenous 506 

approach should be undertaken (e.g. high-throughput DNA binding essays in conjunction with 507 

expression data) for studies aiming at specific individual targets. Nevertheless, the statistically 508 

significant functional associations predicted here are of superior quality, as seen in evidence 509 

from the literature, and can serve as the first step in selecting TFs for targeted downstream 510 

experiments. The network inference pipeline presented here can be used to enhance any 511 

coexpression based study.       512 

Previous studies have reported a few seed-specific genes, including TFs (Le et al., 2010; 513 

Belmonte et al., 2013). We prioritized these genes in our network to derive an active subnetwork, 514 

referred to as Seed Active Network (SANe). We described selected modules containing genes 515 

with high expression in specific seed components, including embryo, endosperm and seed coat. 516 

We observed that, in most of the cases, the top predicted regulators of these modules are already 517 

known in the literature for their involvement in seed development, self-validating our approach. 518 

Several additional regulators are known to modulate other processes, including flower 519 

development, indicating conserved regulons of pre-fertilization events. Our results suggest that 520 
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associating regulators to gene sets with a shared function, as opposed to individual genes, 521 

provides biologically plausible predictions that are worth for validating in planta phenotypes 522 

using reverse genetics. As a community resource, our network is accessible through an online 523 

platform supported with query driven tools to enable a network based discovery of seed 524 

regulatory mechanisms.     525 

 It appears that during seed development, photosynthesis and storage compound synthesis 526 

is tightly coordinated by several regulators acting coordinately. This was evident from CRE 527 

enrichment analysis, as two complementary methods detected the module annotated for 528 

photosynthesis and related processes (M0011) harboring genes with the largest number of known 529 

plant motifs in their promoters when compared to the rest of the modules. Coordinate regulation 530 

of photosynthetic carbon metabolism has been shown previously (Bailey et al., 2007; 531 

Ambavaram et al., 2014). Our analysis reveals that much of the processes related to embryo 532 

development are conserved throughout the plant life cycle such as cell division and 533 

differentiation, as observed by similar roles of regulatory genes in developing embryos and roots.  534 

However, plants have developed intrinsic mechanisms that can modulate gene activity in 535 

specialized cells, perhaps as duplicated genes with similar functional roles. Such a phenomenon 536 

was evident in the case of two TF genes, NTM1 and NTM2 that are in close proximity to each 537 

other and possibly have similar biological roles in distinct parts of a plant.  538 

The data generated by our work has the potential to further our knowledge of 539 

fundamental processes that regulate diverse specific aspects of seed development in Arabidopsis 540 

and can be extrapolated to related agriculturally important crops due to conservation of these 541 

basic processes  (Magallón and Sanderson, 2002; Comparot-Moss and Denyer, 2009; Vriet et al., 542 

2010). Based on our results, a cell- and developmental stage-specific network inference provides 543 

superior quality of predictions in the context of known information. Our network analysis 544 

pipeline can be further used to systematically increase this information-base for a variety of plant 545 

organs (e.g., parts from a post-germination stage network). Comparisons of different stage/tissue 546 

specific networks will throw light on the changing molecular mechanisms of a cell and reveal 547 

differentially modulated transcriptional networks during different growth stages.   548 

 549 
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Materials and Methods 550 

Gene expression quantification 551 

Affymetrix ATH1 Arabidopsis gene expression data was downloaded from GEO, and 6 datasets 552 

were selected from the super series labeled GSE12404 for seed expression compendium. In 553 

addition, 140 other datasets were used in the EEC (Supplemental Data S7). All datasets were 554 

individually processed in R Bioconductor using a custom CDF file for Arabidopsis (Harb et al., 555 

2010). The re-annotated CDF assigns probe-sets to specific genes and increases the accuracy in 556 

expression quantification. Using Robust Multi-array average algorithm (RMA) (Irizarry et al., 557 

2003), probe level expression values were background corrected, normalized and summarized 558 

into gene level expression values. Values from replicate arrays were then averaged and 559 

assembled in an integrated expression matrix of genes as rows and samples as columns, with 560 

each cell in the matrix representing log transformed expression value of genes in the 561 

corresponding samples. This procedure resulted in two expression matrices: a seed-specific 562 

expression matrix and a global expression matrix. 563 

Coexpression network and cluster identification 564 

Pearson’s Correlation (PC) were calculated for each gene pair using expression values in both 565 

gene expression matrices. PCs were Fisher Z transformed and standardized to a N(0,1) 566 

distribution, where a Z-score of a gene-pair represents the number of standard deviations the 567 

score lies away from the mean (Huttenhower et al., 2006). The following procedure was applied 568 

only to the seed network. Gene pairs with Z scores above 1.96 (PC 0.75) were retained and 569 

connected to create a coexpression network with 21,267 genes connected with approximately 7.6 570 

million edges. SPICi, a fast clustering algorithm (Jiang and Singh, 2010), was used to cluster the 571 

network at a range of Td values ranging from 0.1 to 0.90, keeping a minimum cluster size of 3. 572 

Each Td value was evaluated on three criteria: i) total number of clusters yielded and the fraction 573 

of original genes retained in those clusters ii) average modularity following the (Newman and 574 

Girvan, 2004) algorithm and iii) functional coherence of clusters based on GO BP term 575 

annotations. At Td 0.80, expression values of each gene within each of 1563 clusters were 576 

averaged across the same parts of the seed and in different developmental stages, resulting in two 577 
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expression profiles for each module. Expression values were scaled and plotted as heatmaps in R 578 

using the gplots package (https://CRAN.R-project.org/package=gplots).  579 

Functional annotations of coexpression clusters 580 

The TAIR gene association file was downloaded from the plant GSEA website 581 

(http://structuralbiology.cau.edu.cn/PlantGSEA/download.php) (Yi et al., 2013). The .gmt files 582 

were filtered to remove generic terms that annotate more than 500 genes, and the remaining list 583 

of terms in the BP category were used for testing overlaps with clusters. The significance of 584 

overlap of a target gene set (e.g. a cluster) with BP terms was calculated using a cumulative 585 

hypergeometric test. The p-values obtained were adjusted for false discovery rate and converted 586 

to qvalues using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). Enrichment 587 

scores were reported as (-1) * log (qvalue). 588 

 589 

 590 

Analysis of known CREs 591 

We used a pattern-based method to search for CREs over-represented in the promoters of co-592 

regulated genes. First, all known plant motifs were identified from PLACE (Higo et al., 1999) 593 

and AGRIS databases (Palaniswamy et al., 2006). Subsequently, 1000-bp upstream promoter 594 

regions of all Arabidopsis genes were downloaded from TAIR and scanned for occurrence of 595 

these motifs using DNA-pattern matching tool (Medina-Rivera et al., 2015), yielding a list of 596 

403 motifs present at least once in the promoters of ~17000 genes. A few of these motifs, 597 

perhaps involved in functions common to all the promoters, are ubiquitously present in almost all 598 

the genes. To detect a reliable presence-absence signal in the context of our analysis, we 599 

removed motifs that were found in more than 50% of all the genes considered in the network. 600 

Thus, a list of 341 unique motifs were used for enrichment (overlap) analysis using a 601 

hypergeometric test as described above.  602 

Module Regulatory Network analysis  603 

A list of 1921 Arabidopsis TF regulators was curated from the Plant Transcription Factor 604 

Database, the AGRIS database and the Database of Arabidopsis Transcription Factors (Guo et 605 
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al., 2005; Yilmaz et al., 2011; Jin et al., 2014). For every TF-gene pair, a Z score representing 606 

specific correlation score was calculated using the CLR algorithm (Faith et al., 2007). The 607 

Parametric Analysis of Geneset Enrichment (PAGE) algorithm (Kim and Volsky, 2005) was 608 

used to evaluate enrichment of CLR scored targets of each TF within each module. P-values 609 

were calculated form Z scores of enrichment and corrected for FDR using the Benjamini and 610 

Hochberg procedure (Benjamini and Hochberg, 1995).  611 

Global regulatory network and comparison of different networks 612 

A global regulatory network was constructed the same way as the seed-specific network, except 613 

that EEC of 140 datasets was used. The Arabidopsis abiotic stress regulatory network was 614 

obtained from (Vermeirssen et al., 2014). Information on interactions reported in AtRegNet and 615 

AraNet was downloaded from http://arabidopsis.med.ohio-state.edu/downloads.html and 616 

http://www.functionalnet.org/aranet/download.html, respectively. Regulatory interactions (edges 617 

with at least one node as a regulator from our list) were identified from AraNet. For all three 618 

externally downloaded networks described above, and the global and seed-specific networks 619 

from this study, Jaccard coefficient (JC) of overlap in the predicted targets of each regulator pair 620 

was calculated using a perl script. JC scores were binned and the fraction of regulators retained 621 

from the original individual network within each bin was plotted in R. The random network was 622 

created by preserving the node degree and randomly reshuffling all the edges of the seed 623 

network. 624 

Network data was parsed using the Sleipnir library (Huttenhower et al., 2008), Network Analysis 625 

Tools (NeAT) (Brohee et al., 2008) and scripts written in R and perl.  626 
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Figure Legends 638 

Figure 1: Pipeline for tissue-specific module regulatory network analysis. Two separate 639 

Arabidopsis gene expression compendiums (EC) were created: one from a seed-specific 640 

expression data series (GSE12404) and one from non-tissue-specific (global) 140 expression 641 

datasets. Datasets in both the EC were normalized individually using RMA algorithm in R. Z 642 

scores of Pearson’s Correlations (PC) were calculated for all gene-pairs in both the EC. From 643 

seed EC, gene pairs with PC >0.73 (Z > 1.96) were connected to create the Arabidopsis Seed 644 

coexpression network (ASCN). ASCN was then clustered using SPICi at a range of clustering 645 

thresholds (Td), and an optimal clustering parameter was chosen based on genome coverage and 646 

coherence of genes as a functional group. 1563 clusters obtained at Td  0.80 were tested for 647 

enrichment of biological processes from the gene ontology and known plant cis regulatory 648 

elements for multiple databases. A list of 1921 TFs was supplied to the CLR (context likelihood 649 

of relatedness) algorithm to predict their targets in both the EC. In the seed EC, the PAGE 650 

algorithm was used to score the enrichment of CLR-weighted targets in the ASCN clusters, and a 651 

TF-module association network was created. The network was queried with a list of genes 652 

expressed predominantly in the seed as compared to other organs/tissues, and the Seed Active 653 

Network or SANe, was derived. Simultaneously, the seed-specific network was compared with 654 

the network created using the global EC and multiple other Arabidopsis regulatory networks 655 

downloaded from published studies.  656 

 657 

Figure 2: Evaluation of clustering threshold (Td). Genes from the Arabidopsis seed 658 

coexpression network were clustered at a range of Td values shown on the X axis of all the 659 

figures. Each Td was examined by: A) A genome coverage plot measuring the number of clusters 660 

yielded and the fraction of original genes retained (orange line corresponding orange Y axis). B) 661 

Boxplots showing average edge segregation of all the clusters, indicating overall modularity of 662 
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the network within each Td. C) A plot showing number of clusters enriched with at least one BP 663 

term and the total number of BP terms retained (orange line corresponding orange Y axis) and D) 664 

Boxplots summarizing the enrichment scores [-1*log(FDR)] of the hypergeometric p-values 665 

obtained by BP-cluster overlap analysis.  666 

 667 

Figure 3: TF-Module Association Network (TMN).  A) Heatmap representing association 668 

scores of 1819 TFs as regulators in the rows, and 10526 genes grouped into 278 coexpression 669 

modules represented along the columns. Each grid in the heatmap is color coded according to the 670 

level of enrichment of predicted targets of each TF regulator in the corresponding module. The 671 

red gradient indicates a positive score and grey indicates a negative score, estimated using the 672 

PAGE algorithm. The seed compartment in which the module has maximum expression is color-673 

coded and represented on top of the heatmap (first row), where CE is chalazal endosperm, ME is 674 

micropylar endosperm, PE is peripheral endosperm, CSC and GSC is chalazal and general seed 675 

coat, respectively, and EP is embryo proper. The development stage in which the module has 676 

maximum expression is color-coded and represented on top of the heatmap (second row), where 677 

bc is bending cotyledon, lc is linear cotyledon, pgs is pre-globular stage, ges is globular embryo 678 

stage, hs is heart stage and mg is mature green stages. B) Predictions for each of the 278 modules 679 

were ranked and the top 5 predicted regulators for each module were visualized as a network 680 

graph. Each grey circle in the network plot is a TF and each orange circle is a module. The size 681 

of the grey circle is proportional to the out-going degree of the TF. Size of the orange circle was 682 

set to a constant, except for 9 bigger circles showing the modules described later in the main text. 683 

The network was visualized using Cytoscape version 3.3.0. Node names are hidden for ease in 684 

visualization. The cytoscape sessions file is provided as supplemental data S3, which can be 685 

loaded into Cytoscape for node names and further exploration of the network. The heatmap was 686 

drawn using gplots package in the R statistical computing environment.  687 

Figure 4: Heatmap representation of a subset of the SANe. Modules with high relative 688 

expression in embryo, endosperm and seed coat regions were extracted from SANe. Modules are 689 

shown in columns and for each module, the top 5 predicted TF regulators are shown in rows. 690 

Each grid in the heatmap is colored according to the association score estimated using the PAGE 691 

algorithm. Positive and negative scores are shaded in red or black gradient, respectively, as 692 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 20, 2017. ; https://doi.org/10.1101/165894doi: bioRxiv preprint 

https://doi.org/10.1101/165894
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35

indicated by the color key. Literature identified TFs with validated seed-specific phenotypes or 693 

phenotypes observed in other reproductive stages/tissues are marked with a red ellipse or a 694 

yellow ellipse, respectively. CRE, cell-type and functional annotations for each module are 695 

shown above the heatmap (top three rows; colored boxes). Modules annotated for embryo, 696 

endosperm and seed coat are indicated in blue, green and brown boxes, respectively, in the 697 

middle row. CRE and functional annotation for each module is color- coded uniquely in the top 698 

and bottom rows, respectively.  699 

Figure 5: Visualization of seed modules. A graphical representation of seed coexpression 700 

modules. Each circle represents a gene. Each module is color coded uniquely. Modules are 701 

grouped according to the seed compartments (indicated by horizontal or vertical lines and text 702 

boxes), and labelled with the BP term most highly over-represented within each module. Genes 703 

are left unlabeled to facilitate visualization. The network was drawn in Cytoscape version 3.3.0. .  704 

Figure 6: Expression profiling of gene modules. Expression patterns of modules in embryo, 705 

endosperm and seed coat regions represented as heatmaps in A), B), and C), respectively. Seed 706 

compartments are represented as columns and genes as rows. Gene names are hidden for ease in 707 

visualization. Expression values of genes in each module were averaged across samples from the 708 

same tissue-type/seed-compartment (embryo, endosperm and seed coat). Average expression 709 

values were scaled and represented as a Z score in the heatmaps. Red indicates higher expression 710 

of a gene in a particular compartment and black gradient indicates lower expression relative to 711 

other compartments.  712 

Figure 7: Module M0006. A) Expression patterns of genes in module M0006. Seed 713 

development stages are represented as columns and genes as rows. Gene names are hidden for 714 

ease in visualization. B) Coexpression links between TFs in M0006. Nodes are labeled according 715 

to their corresponding gene symbols if present in TAIR, else labeled with their corresponding 716 

locus ID and the family the protein belongs to. 717 

Figure 8: Characteristics of seed networks. A) Comparison of the fraction of TFs possibly co-718 

regulating the same sets of genes, evaluated using the Jaccard’s Index (JI) of overlap between the 719 

predicted targets of each TF-pair, for 5 different regulatory networks and a random network. B) 720 

A histogram showing bins of number of motifs significantly over-represented in the promoters of 721 

genes within each module in TF-MAN. C) Distribution of TF-module edges in SANe follows a 722 
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scale-free topology, with a large number of regulators associated with fewer modules, and a few 723 

regulators (e.g., NAP57, KAN3) associated with a large number of modules.     724 

 725 

726 
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Tables  727 

Table 1: Regulatory hubs of seed development. 23 regulators (transcription factors) that were found associated 728 
with the largest number of coexpressed modules in SANe were selected and listed in descending order acoording to 729 
the number of modules they regulate. Targets of these regulators in the seed and the global network, with absolute Z 730 
score > 3 were selected and tested for overlaps with BP terms in the GO database. The score columns represent (-1) 731 
* log (q-value) values from a cumulative hypergeometric test of enrichment. Only the most highly scored gene sets 732 
are reported in the table.  733 

Network Seed Global 

Transcription 
Factor 

Biological Process Enrichment Score Biological Process Enrichment Score 

NAP57 

AT3G57150 

ribonucleoprotein 

complex biogenesis 

57.05 ribosome 

biogenesis 

72.07 

HDT3 

(AT5G03740) 

ribonucleoprotein 

complex biogenesis 

45.50 ribonucleoprotein 

complex biogenesis 

71.39 

AT4G37130 ribonucleoprotein 

complex biogenesis 

40.00 RNA metabolism 35.36 

EMB2746 

(AT5G63420) 

ribonucleoprotein 

complex biogenesis 

56.44 RNA metabolism 29.30 

C3H 

(AT5G60820) 

ribonucleoprotein 

complex biogenesis 

12.97 vesicle-mediated 

transport 

10.38 

JMJ22 

(AT5G06550) 

ribonucleoprotein 

complex biogenesis 

36.76 ribosome 

biogenesis 

75.24 

WRKY13 

(AT4G39410) 

immune system 

process 

3.04 N.D NA 

TFIIIA 

(AT1G72050) 

ribosome biogenesis 49.90 RNA metabolism 49.30 

VOZ1 

(AT1G28520) 

ribosome biogenesis 13.30 cellular biopolymer 

catabolism 

4.77 

NFD1 

(AT4G30930) 

ribonucleoprotein 

complex biogenesis 

71.39 ribosome 

biogenesis 

75.24 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 20, 2017. ; https://doi.org/10.1101/165894doi: bioRxiv preprint 

https://doi.org/10.1101/165894
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38

KAN3 

(AT4G17695) 

jasmonic acid 

biosynthesis 

4.64 response to 

salicylic acid 

stimulus 

2.95 

HDT1 

(AT3G44750) 

ribonucleoprotein 

complex biogenesis 

41.25 ribosome 

biogenesis 

72.44 

HAT3.1 

(AT3G19510) 

RNA metabolism 7.88 RNA metabolism 20.48 

FZF 

(AT2G24500) 

RNA metabolism 23.67 ribosome 

biogenesis 

68.91 

IAA8 

(AT2G22670) 

polysaccharide 

metabolism 

5.33 transmembrane 

receptor protein 

tyrosine kinase 

signaling pathway 

10.47 

SMAD/FHA  

(AT2G21530) 

photosynthesis 54.25 photosynthesis 68.43 

AT1G78280 cellular biopolymer 

metabolism 

5.88 ribosome 

biogenesis 

8.46 

ZFP4 

(AT1G66140) 

N.D. N.A. ion transport 4.40 

TRB1 

(AT1G49950) 

maintenance of root 

meristem identity 

2.33 protein 

modification 

6.33 

SEUSS 

(AT1G43850) 

microtubule-based 

process 

2.71 negative regulation 

of gene expression 

8.25 

NAC017 

(AT1G34190) 

vesicle-mediated 

transport 

4.70 vesicle-mediated 

transport 

11.55 

ATU2AF35A 

(AT1G27650) 

RNA metabolism 20.60 RNA metabolism 15.07 

AT1G17520 proteolysis 3.39 RNA metabolism 12.81 

 734 
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