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Summary:

Molecular evolutionary studies correlate genomic and phylogenetic information with the
emergence of new traits of organisms. These traits are, however, the consequence of
dynamic gene networks composed of functional modules, which might not be captured by
genomic analyses. Here, we established a method, which combines large-scale genomic and
phylogenetic data with gene co-expression networks, to extensively study the evolutionary
make-up of modules in the moss Physcomitrella patens and in the angiosperms Arabidopsis
thaliana and rice. We first show that younger genes are less annotated than older genes. By
mapping genomic data onto the co-expression networks, we found that genes from the
same evolutionary period tend to be connected, while old and young genes tend to be

disconnected. Consequently, the analysis revealed modules that emerged at a specific time
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in plant evolution. To uncover the evolutionary relationships of the modules that are
conserved across the plant kingdom, we added phylogenetic information which revealed
duplication and speciation events on the module level. This combined analysis revealed an
independent duplication of cell wall modules in bryophytes and angiosperms, suggesting a
parallel evolution of cell wall pathways in land plants. We provide an online tool allowing

plant researchers to perform these analyses at www.gene2function.de.

Introduction

Studying plant evolution can reveal principles that govern the establishment of multi-
cellularity, hormone signalling, adaptation to terrestrial growth and sexual reproduction.
Our initial understanding of plant evolution was based on the analysis of morphological and
developmental features of different lineages, but with the advent of functional genomics, an
improved toolkit to unravel molecular mechanisms driving plant evolution became available
(Somerville and Somerville, 1999). Genomes of model species that represent major plant
clades are now available for glaucophytes (Cyanophora paradoxa) (Price et al., 2012), red
algae (Cyanidioschyzon merolae) (Matsuzaki et al., 2004), chlorophytes (Chlamydomonas
reinhardtii) (Merchant et al., 2010), charophytes (Klebsormidium flaccidum) (Hori et al.,
2014), early embryophytes (Physcomitrella patens) (Rensing et al., 2008), early vascular
plants (Selaginella moellendorfii) (Banks et al., 2011), seed plants (Picea abies) (Nystedt et
al., 2013), basal flowering plants (Amborella) (Amborella Genome Project, 2013), monocots
(Oryza sativa) (International Rice Genome Sequencing Project, 2005) and dicots (Arabidopsis

thaliana) (Arabidopsis Genome Initiative, 2000). These genomes, together with available
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molecular evolutionary approaches, allow us to study plant evolution in unprecedented

detail.

Molecular evolutionary approaches can be broadly divided into two categories: comparative
genomics and molecular phylogenetics. Comparative genomics can identify similarities and
differences of genomic features, such as gene families, of two or more organisms (Rubin,
2000; Hardison, 2003). To study the early evolution of plants, the moss Physcomitrella
patens (P. patens) and the lycophyte Selaginella moellendorffii (S. moellendorffii) were
chosen as model organisms for bryophytes and early diverging vascular plants, respectively
(Cove et al., 1997; Rensing et al., 2008; Banks et al., 2011). Comparison of their gene family
contents with Arabidopsis thaliana enabled the correlation of genomic data with functional
innovations that occurred in early land plant evolution (Rensing et al., 2008; Banks et al.,
2011). For example, the analysis of the P. patens genome revealed that many gene families
involved in phytohormone signalling and transcriptional regulation were already present in
the first land plants (Rensing et al., 2008). Similar analyses for S. moellendorffii identified
novel gene families that emerged during the transition from vascular plants to seed plants,
along with extensive yet independent duplication of secondary metabolism related genes in
both plant lineages (Banks et al., 2011). These comparative genomic approaches, when
combined with genomes of representative plant clades, can reveal in which plant clade a
given gene or gene family appeared or was lost (Vandepoele and Van de Peer, 2005;
Domazet-Loso et al., 2007; Guo, 2013). The evolutionary origin of genes and gene families
can be identified by phylostratigraphy, which traces the earliest common ancestor of a gene
or gene family, and consequently, estimates the age of the studied object (Domazet-Loso et

al., 2007).
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Molecular phylogenetics mainly study DNA or protein sequences to infer relationships
between organisms and genes. The outcome of such analyses is a phylogenetic tree, which
shows the inferred evolutionary relationships between the studied entities. For example, an
analysis of 78 plastid genes from 360 diverse green plant taxa was used to infer a species
tree, which revealed that cycadsand Ginkgo are closest relatives (sisters) to extant
gymnosperms, while horsetails are sisters to extant ferns (Ruhfel et al., 2014). On the other
hand, a multi-species phylogenetic tree of a gene family can reveal the speciation and
duplication history of genes found in the family (Proost et al., 2009; Vilella et al., 2009). By
combining phylogenetic trees with species trees, the evolutionary timing of gene speciation

or duplication can be uncovered (Proost et al., 2009; Vermeirssen et al., 2014).

These comparative genomic and phylogenomic analyses are based on the notion that
biological functions emerge and evolve as gene families. To understand the evolution of
biological pathways, however, such approaches have two important shortcomings that limit
our understanding of evolution. First and foremost, genes and gene families rarely operate
as single entities, but rather as functional gene modules (Hartwell et al., 1999). Their protein
products can form higher order complexes and enzymatic pathways which often require
multiple genes and gene families that operate together to perform a given task. For
example, the photosystem Il complex from cyanobacteria is composed of at least 20 protein
subunits that interact with 77 cofactors (Loll et al., 2005). While genomic analyses could
reveal family expansion and evolutionary rates of the individual subunits, it might not reveal
evolutionary constraints of the whole complex without a priori knowledge of the underlying

interactions. Second, plant gene families are typically large (Shiu and Bleecker, 2001; Shiu et
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al., 2005) with homologs displaying divergent functions (Kliebenstein, 2001). Consequently,
where duplications are abundant, sequence-based analyses are prone to placing a gene into
an incorrect functional context in case of neo- or sub-functionalization of paralogs (Lynch
and Katju, 2004; He and Zhang, 2005). Therefore, a more rewarding approach to explain the
evolution of new traits and adaptations should by necessity integrate molecular

evolutionary approaches with functional gene modules.

Genes that are involved in related biological processes tend to be co-expressed (i.e.
transcriptionally co-regulated) across tissues and thus cluster together as gene modules
(Usadel et al., 2009). In these networks, nodes correspond to genes and edges indicate co-
expression relationships between genes (Lee et al.,, 2004). Gene co-expression networks
have proven to be an invaluable method to predict functions of modules and have been
applied to many model organisms (Stuart et al., 2003; Yu et al., 2003; Persson et al., 2005;
Itkin et al., 2013). To facilitate access to these networks, several web-based tools emerged
that allow researchers to exploit such networks to predict gene function and guide reverse-
genetic approaches (e.g. (Mutwil et al., 2010; Obayashi et al., 2011; De Bodt et al., 2012; Lee
et al., 2015)). Recently, the analyses were also extended to several plant crop species
(Ficklin and Feltus, 2011; Movahedi et al., 2011; Mutwil et al., 2011; Tzfadia et al., 2016). Co-
expression networks are conserved across species and even across distinct kingdoms of life,
indicating that essential cellular processes, such as cell cycle, ribosome biogenesis, and the
proteasome are implemented by the same orthologous modules in different species (Stuart
et al.,, 2003; Gerstein et al.,, 2014; Zarrineh et al., 2014). These conserved modules can
therefore be used to transfer knowledge obtained from better investigated model species to

e.g. crop plants (Mutwil et al.,, 2011; Ruprecht et al., 2011; Heyndrickx and Vandepoele,
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2012; Park et al., 2013; Tzfadia et al., 2016). In addition, several case studies suggested that
some modules have been duplicated in some species in order to accommodate more
complex plant organs and tissues (Kliebenstein, 2001; Persson et al., 2005; Matsuno et al.,
2009; Busch et al., 2011). To systematically identify such duplicated modules, we recently
introduced a platform that we named FamNet, which revealed that more than 30% of plant
genes can be found in duplicated modules (Busch et al., 2011). Although these analyses gave
insight into the conservation and duplication of modules, they lacked the required
phylogenetic and genomic information to address the chronological emergence of different

modules and the timing of module duplications.

Previous attempts to reconcile phylogenetics and genomics with modules have either used a
limited amount of phylogenetic data or few co-expression networks. For example,
integration of phylogenetic data of the CONSTANS gene family with the co-expression
networks of Chlamydomonas reinhardtii (C. reinhardtii), P. patens and Arabidopsis thaliana
(A. thaliana) could show the evolutionary relationships of the light-dependent regulatory
modules from the three species (Romero-Campero et al., 2013). Fang and co-workers (Fang
et al.,, 2013) used phylogenetic information from 236 bacterial species and found high
conservation of genes for a majority of modules identified in a cell cycle-related co-
expression network of the bacterium Caulobacter crescentus. Hansen and colleagues
(Hansen et al.,, 2014) combined comparative co-expression analysis with genomic
information to predict the composition of cell wall modules in the ancestor of angiosperms.
Another study showed that younger gene families were highly expressed in pollen (Cui et al.,

2015). Finally, by combining phylostratigraphy with developmental series expression data, a
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convergent molecular and morphological pattern called the embryonic hourglass has been

revealed in plants (Quint et al., 2012).

Despite these examples, little is known about how evolution contributes to the emergence,
duplication and diversification of biological pathways in the different plant lineages. In this
manuscript we first combined a phylostratigraphic approach (Domazet-Loso et al., 2007;
Guo, 2013) with gene co-expression networks to show how genes derived from the different
evolutionary periods are interconnected in gene co-expression networks of A. thaliana, P.
patens and rice. Next, we used phylogenetics to reveal evolutionary relationships of gene
modules in these three species. To facilitate access to these analyses, we generated an

interactive web-based tool at www.gene2function.de.

Results

Phylostratigraphic analyses of plant gene families

In this study, we used 43391 PLAZA2.5 gene families based on genomes of five
chlorophytes, one bryophyte (model land plant), one lycophyte (model vascular plant), five
monocots and thirteen dicots (see Experimental procedure, (Van Bel et al., 2012)). The
phylostratum of a gene family was determined by identifying the earliest plant lineage
found within the gene family (Figure 1, Table S1, (Guo, 2013)). For example, a gene family
present in A. thaliana (dicot) and C. reinhardtii (chlorophyte) was assigned to the Green
Plants phylostratum (phylostrata are indicated by capital letters), as C. reinhardtii is the
earliest plant lineage in this gene family (Figure 1A). Conversely, if a gene family contained

genes found exclusively in A. thaliana and rice, the gene family was assigned to the
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Angiosperm phylostratum, as this family was likely present in the ancestor of monocots and
dicots. Since the order of divergence of the different plant lineages is known, the analysis
can delineate the relative age of a gene family and genes found within the family (Figure 1A-
B). For example, a gene family assigned to the Green Plants phylostratum is older than one

assigned to the Angiosperms phylostratum.

The analysis assigned each family and genes found in the family to one of the phylostrata
shown on Figure 1 (Table S1). We exemplify the outcome of the analysis with a
representative of early land plants (bryophyte Physcomitrella patens), a eudicot (Arabidopsis
thaliana) and a monocot (rice, Oryza sativa). P. patens, A. thaliana, and rice contain similar
numbers of genes and gene families for the common phylostrata (Green Plants and Land
Plants, Figure 1A). While A. thaliana and rice contain a similar amount of gene families in
the Angiosperm phylostratum (519 vs. 619 for A. thaliana and rice, respectively, Figure 1A),
rice has roughly double the amount of Angiosperm phylostratum genes, indicating either
extensive duplications in rice, or conversely, an extensive loss of these genes in A. thaliana.
Furthermore, rice contains 1348 Monocot gene families, while A. thaliana contains 241
Dicot gene families (Figure 1B), indicating that monocots contain more gene families than
dicots, which is in agreement with previous studies (Vandepoele and Van de Peer, 2005; Cui
et al., 2015). Finally, P. patens, A. thaliana and rice contain 7680, 1362 and 4963 lineage
specific (also called orphan) families, respectively, representing recently established genes.
Using this phylostratigraphic information for each gene in the three species as a basis, we
first analyzed the functional annotation of genes from the different phylostrata, and then
mapped the phylostratigraphic information onto the co-expression networks of P. patens, A.

thaliana and rice to investigate properties of the phylostrata in the networks.
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Inverse relationship between age and functional information of gene families

To gain insight into available functional information for each phylostrata, we have retrieved
GO terms derived from experimentally characterized genes in A. thaliana, and estimated
their distribution in the phylostrata (Table S2A). The analysis revealed that percentages of
experimentally characterized genes decreased as the phylostrata become younger (Figure
2A), indicating that older gene families are more functionally characterized than younger
families. Interestingly, the percentage of experimentally characterized genes per
phylostratum almost perfectly corresponded to the order of plant clades (Figure 1), with the
exception of the Brassicales phylostratum (Figure 2A). However, we hypothesized that this
exception is caused by a very low number of Brassicales phylostratum genes (22 genes in A.
thaliana, Figure 1, Table S2A), of which four genes (18.1%) have been characterized,

resulting in seemingly high percentage.

Next, we investigated which types of experiments were used to characterize these genes
(Table S2B). The experimental evidence codes are inferred from direct assay (IDA,
comprising enzyme assay, physical interaction/binding, and immunofluorescence), protein
interaction (IPI, yeast-two-hybrid and pull-down assays), mutant phenotype (IMP,
characterization of mutant phenotypes), genetic interaction (IGl, phenotype suppressors
and synthetic lethals) and expression (IEP, transcript or protein levels). Similarly to the
distribution of functional information per phylostrata, the amount of experimental
evidences derived from direct assays, mutant phenotypes and genetic interactions
decreased for younger phylostrata (Figure 2B). Exceptions included protein interaction (IPI,

e.g. genes from the Vascular Plants phylostratum are more characterized by this assay than
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from the Land Plants phylostratum) and expression profile (IEP, e.g. genes from the Eudicots

phylostratum are more characterised than from the Angiosperms phylostratum, Figure 2B).

Functionally related genes are enriched for distinct phylostrata

To gain a genome-wide view on the functions of the phylostrata, we investigated which
biological functions are assigned to the phylostrata. To this end, we asked whether certain
phylostrata are enriched for functional categories represented by MapMan gene ontology
terms (Thimm et al., 2004). We applied a hypergeometric distribution analysis to all
MapMan bins in A. thaliana, rice and P. patens, and report significant associations at

significance level of P<0.05 (Table S3).

We found that most MapMan bins representing fundamental biological features, such as
photosynthesis, primary metabolism, RNA (transcription and processing), signalling and DNA
metabolism were significantly enriched (P<0.05) for the Green Plants phylostratum,
indicating that genes and gene families involved in these processes are ancient (Figure 3,
Table S3A). Conversely, biological features that appeared in land plants, such as secondary
metabolism (isoprenoids, phenylpropanoids and flavonoids), hormone metabolism (abscisic
acid, auxin, ethylene, gibberelin, jasmonate and salicylic acid), development
(embroygenesis), RNA (regulation of transcription) were significantly enriched in the Land
Plants or younger phylostrata (Figure 3, Table S3). Interestingly, the MapMan bin related to
ubiquitin-mediated protein degradation is enriched in Eudicots and Rosids phylostrata
(“protein”, Figure 3, Table S3), suggesting the appearance and expansion of complex protein

degradation pathways in the dicot lineage. Furthermore, the “not assigned” bin, which
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contains genes of unknown function is significantly enriched for phylostrata younger than
the Green Plants phylostratum (Figure 3), which corresponded to our result that genes from
younger phylostrata tend to be less functionally characterized than genes from older

phylostrata (Figure 2).

With few exceptions, such as the functional categories stress, development (seed storage
proteins) and metal handling, which appeared in separate evolutionary periods in A.
thaliana (Figure 3, Table S3), the analysis showed enrichments for only one phylostratum or
adjacent phylostrata (e.g. Land Plant and Vascular Plant phylostrata for hormone
metabolism in A. thaliana) per each MapMan bin. Thus, this analysis suggested that new
biological features emerged at distinct evolutionary periods, without significant addition of

new genetic material during later stages of evolution (Figure 3).

Genes from the same phylostratum tend to be connected in the co-expression networks

Based on our finding that biological processes can be assigned to certain phylostrata, and
since functionally related genes are often co-expressed (Usadel et al.,, 2009), we
hypothesized that genes assigned to the same phylostrata might be connected (i.e. co-
expressed) in the co-expression networks. To test this hypothesis in well-characterized plant
species with abundant expression data, we used the existing co-expression networks of A.
thaliana and rice (Mutwil et al., 2011). To include a representative species of early land
plants, we also generated a new co-expression network for P. patens using available

microarray data (see Methods).
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To investigate whether genes assigned to the same phylostrata are preferentially co-
expressed, we first counted how often these genes are connected in the networks. For
example, the toy network in Figure 4A consists of three Green Plant genes and one Vascular
Plant gene, resulting in three Green Plant-Green Plant (GP-GP) edges and one Green Plant-
Vascular Plant (GP-VP) edge (observed edges). Then, we employed a randomization method
where we shuffled the gene-phylostratum assignments and estimated the empirical p-value,
by comparing the number of the observed GP-GP edges with the number of GP-GP edges in

the shuffled networks (Figure S1A).

In our A. thaliana co-expression network, we found 35017 GP-GP edges (observed) and on
average 26457 GP-GP edges in the networks where gene-phylostratum assignments were
shuffled (shuffled, Figure 4B), indicating that the Green Plant phylostratum genes are
preferentially connected. We also observed similar pattern for GP-GP edges in the rice and
P. patens co-expression networks (Figure 4B, P<0.05, Table S4). The analysis was performed
for all phylostratum combinations, and revealed also a significant association of the Land
Plant phylostratum (LP-LP) in all three species, as well as A. thaliana-specific and Monocot-
specific phylostrata in co-expression networks of A. thaliana and rice, respectively
(Arabidopsis-Arabidopsis, AT-AT, Monocot-Monocot, Oryza-Oryza edges). As the only
exception of this trend, we observed a significant dissociation between P. patens-specific
edges (PP-PP, Figure 4F). We hypothesized that this is due to lack of other bryophyte
genomes, which collapsed 500 million years of genetic material into one phylostratum. We
also observed a significant association of GP-LP edges in all three species (Figure 4D-F),
indicating that genes belonging to the two ancient phylostrata have a higher chance of being

co-expressed. Conversely, we found a clear depletion of Green Plant-A. thaliana (GP-AT)
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edges in A. thaliana, GP-Oryza sativa (GP-OS) edges in rice and GP-P. patens (GP-PP) edges
in P. patens, indicating that the ancient genes are preferentially disconnected with new
genes (Figure 4C, P<0.05, Table S4). We observed similar dissociation of LP-AT, LP-OS and

LP-PP edges in the three plants (Figure 4D-F, P<0.05, Table S4).

We concluded that genes which emerged during the same evolutionary period tend to be
connected more frequently in co-expression networks than expected by chance, and that
genes forged during distinct evolutionary periods tend to be disconnected. To corroborate
this, we investigated the sizes of connected components formed by the phylostrata. A
connected component is defined here as a group of genes from the same phylostrata in the
co-expression network for which a path exists between all genes. If genes belonging to the
same phylostratum are preferentially connected, the sizes of phylostratum-specific
connected components should be larger than expected by chance. This would indicate that
the co-expression network modules are composed of specific phylostrata. To test this
hypothesis, we employed a similar gene-phylostratum shuffling analysis as used in the
previous analysis, but in this case we compared the sizes of connected components

obtained from observed and shuffled gene-phylostratum networks (Figure S1B).

We show connected components for rice (Figure 5A), A. thaliana (Figure S2) and P. patens
(Figure S3). As expected, the sizes of connected components are proportional to the number
of genes assigned to the phylostrata (Figure 1), with the Green Plant-specific connected
component being the largest (Figure 5A, Table S5). By comparing the size of the largest
components in the actual network with 1000 shuffled networks (Figure S1B), the majority of
connected components were larger than expected by chance for nearly all considered

phylostrata in all species (Figure 5B, P<0.05, Table S5). Exceptions included the Angiosperms
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phylostratum in A. thaliana and rice, the Vascular Plants phylostratum in A. thaliana, and
the PP phylostratum in P. patens (observed: 4942 genes, average of permutations: 7182
genes for P. patens, Table S5). While it was unclear why these phylostrata are disconnected,
the exceptions corresponded to the lack of significant association of these phylostrata in the
gene co-expression network (Figure 4). To conclude, genes from the same phylostrata tend
to form gene modules in the co-expression networks, which implied that certain regions of

the co-expression network emerged at a specific time in evolution.

Examples of modules enriched for phylostrata

In our genome-wide analyses, we found that certain modules have been created during
distinct evolutionary periods. To identify such modules, we investigated if first
neighborhoods in the co-expression networks are enriched for certain phylostrata. A first
neighborhood consists of a query gene and all genes co-expressed with it. To determine if a
phylostratum is enrichment or depleted in a neighborhood, we employed the same
approach (hypergeometric test, Materials and methods) that was used to determine if
MapMan bins are enriched for a specific phylostratum. The analysis revealed which
neighborhoods are significantly (P<0.05) enriched or depleted for the phylostrata in A.
thaliana, rice and P. patens (Table S6A-C). For example, the analysis revealed that 2366 and
938 neighborhoods were significantly enriched and depleted for the Green Plant
phylostratum in A. thaliana, respectively (Table S6D). To visualize these results, we have
updated the PlaNet database (Mutwil et al., 2011) with phylostratigraphic information (see

online tutorial describing how to use this feature).

This article is protected by copyright. All rights reserved.



We exemplify four neighborhoods that are significantly enriched for Green Plants, Land
Plants, Monocots and A. thaliana (AT) phylostrata (Figure 6). The neighborhoods are shown
as networks, where nodes correspond to genes, edges connect co-expressed genes, and

node borders are used to indicate the phylostratum of a gene.

The first neighborhood from P. patens is based on the query gene Ppls38 194v6.1,
encoding a ribosomal S4 protein (Figure 6A, large central node). GO enrichment analysis
provided by PlaNet indicated that the other genes in this neighborhood are also involved in
protein synthesis (http://aranet.mpimp-
golm.mpg.de/responder.py?name=genelppal13964). All genes that are assigned to a
phylostratum in this neighborhood are belonging to Green Plants phylostratum (22 out of 22
genes, Green Plants enrichment P<0.05, Table S6), which is expected for an ancient
biological process, such as protein synthesis. The second example is based on At5g10130, an
uncharacterized extensin from A. thaliana (Figure 6B). The neighborhood is significantly
enriched for the Land Plants phylostratum (22 out of 31 genes, P<0.05) and is putatively
involved in cell wall modification and ion uptake processes, as revealed by GO enrichment
analysis (http://aranet.mpimp-golm.mpg.de/responder.py?name=gene!ath!16968).
Expression profile analyses indicate that this putative cell wall modification and ion uptake
module is active in the root cap and the endodermis (links to expression profiles are
provided in Methods). The third neighborhood is based on Loc_0s01g12580, a LEA14 (Late
Embryogenesis Abundant) gene from rice (Figure 6C). The neighborhood is significantly
enriched for the Monocots phylostratum (8 out of 15 genes, P<0.05) and showed expression
in mature seeds and embryo. Our GO enrichment analysis indicated that the module is

involved in embryo development (http://aranet.mpimp-
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golm.mpg.de/responder.py?name=genel!osal!4852), which suggested that the module is
implicated in a monocot-specific aspect of seed development. The fourth neighborhood
contains mostly genes derived from the A. thaliana phylostratum (Figure 6D, 17 out of 19
genes are AT, P<0.05), and is predicted to be involved in carpel biogenesis based on GO
enrichment analysis (http://aranet.mpimp-
golm.mpg.de/responder.py?name=gene!ath!14921). In line with our finding that young
genes are not likely to be functionally characterized (Figure 2 and 3), many genes in this

neighborhood do not have any GO term annotation (14 out of 22 genes).

Combining phylostratigraphic analysis with phylogenetic data - evolution of

photosynthesis

In addition to phylostratigraphic information that can reveal the evolutionary period, in
which a given gene module appeared, we have also included phylogenetic gene trees, to
uncover the speciation and duplication events between genes found in the modules ((Proost
et al.,, 2009), Table S7). PlaNet database uses FamNet pipeline to detect duplicated and
conserved modules (Ruprecht et al., 2016), and is now updated with phylostratigraphic and

phylogenetic analyses.

To exemplify the analysis, we compared the conserved photosynthetic PsbW modules from
P. patens, A. thaliana and rice using our PlaNet database (see web-link in the Methods for
an online tutorial on how to perform this analysis). The output of PlaNet showed gene
contents, together with phylostratigraphic and phylogenetic information of the selected

modules (Figure 7A). Phylogenetic information is indicated by colored edges between
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modules, which denote the type of event (speciation or duplication represented by dashed
or solid edges, respectively) and evolutionary period of the event (e.g. common ancestor of
green plants - green edge, or land plants - red edge) found between genes in two modules
(Figure 7A-B). In addition to displaying the phylostratigraphic and phylogenetic relationships
of the modules, PlaNet also provides the number and P-values indicating significant

enrichment of depletion of these relationships.

As anticipated, A. thaliana and rice modules showed significant speciation events
corresponding to the split of monocots and dicots (4 purple dashed edges, P < 0.05,
angiosperm split), while the P. patens module showed land plant speciation events (12 and
6 red dashed edges for A. thaliana-P. patens and rice-P. patens, respectively, corresponding
to the bryophytes-vascular plants split) relative to A. thaliana and rice (Figure 7A, Table
S8A). As expected for such an ancient process as photosynthesis, all three modules were
enriched for genes from the Green Plants phylostratum (Figure 7B), with 14 out of 14 genes
in A. thaliana, 10 out of 12 genes in rice and 20 out of 22 genes in P. patens assigned to the
Green Plants phylostratum (P < 0.05 for all three species, Table S8). It is important to note
that the modules are not identical, as only 63%, 60% (Mutwil et al.,, 2011) and 85%
(32,569/38,357) of all protein coding sequences are present on the microarrays for A.
thaliana, rice and P. patens. Consequently, some genes are not found in the co-expression
networks and are therefore missing in the modules. This is exemplified by unequal presence

of some of the gene families found in the photosynthetic modules (Figure 7C).

Taken together, the combination of phylostratigraphic and phylogenetic data showed that
the photosynthesis module can be found in green plants (or earlier, as our analysis does not

include cyanobacterial genomes) and revealed speciation events concordant with the
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species tree of plants (Figure 7C). These results reflect the expected evolution of
photosynthesis and thus validate the power of combining genomic and phylogenetic data
with co-expression networks, to study evolution of gene modules. Since the
phylostratigraphic and phylogenetic relationships of the modules are inferred by multiple
gene families and phylogenetic trees, our approach should be more robust to artefacts that

arise due to large-scale construction of gene families and phylogenetic trees.

An independent duplication of cellulose biosynthesis pathways in angiosperms and

bryophytes

To explore if the combination of phylostratigraphic and phylogenetic inferences can provide
new insights, we analyzed gene modules involved in cellulose biosynthesis. Our previous
studies have shown that gene modules related to cellulose biosynthesis are present in
multiple copies in angiosperms, with primary cell wall (PCW), secondary cell wall (SCW),
pollen and root modules being the most prominent in A. thaliana (Ruprecht et al., 2016).
While these examples represent specialized modules of the cell wall biosynthesis pathway
found in higher plants, it is currently not known when in angiosperm evolution the PCW and
SCW modules emerged. To elucidate the evolution of cellulose biosynthesis related
modules, we queried the PlaNet database with a P. patens gene Pplsi44 8V6, a
multicopper oxidase family gene shown to be associated with cell wall biosynthesis
(Ruprecht et al., 2011; Ruprecht et al., 2016). Our FamNet pipeline detected gene modules
similar to the Pplsi44 8V6 module in all angiosperms, indicating that the cellulose

biosynthesis module is highly conserved in land plants. Interestingly, two other P. patens
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gene modules strongly similar to the Ppis144 8V6 module were detected, indicating that

similarly to angiosperms, P. patens also contains multiple cellulose biosynthesis modules.

Expression profiles of the representative genes for each module (Ppls60 _109V6,
Ppls175 122V6 and Ppls144 8V6) revealed that the three selected P. patens genes have
distinct expression profiles, with Ppl1s60 _109V6 highly expressed in archegonia and
gametophore, Pplsi75 122V6 highly expressed in caulonema, and Pplsi44 8V6
predominantly expressed in protonema (Figure 8A, Figure S4). The expression patterns of
Ppls175 122V6 and Pplsi44 8V6 are partially overlapping (protoplasts, protonema and
caulonema) with high expression levels in tip-growing tissues, whereas Ppl1s60_109V6
shows a distinct expression in tissues corresponding to isotropic/anisotropic growth (Figure
8A). Based on our previous finding that specialized modules exist for tip-growth in pollen
tubes and root hairs in A. thaliana (Ruprecht et al., 2016), it appears possible that P. patens
also evolved distinct cell wall modules that are adapted for two fundamentally different

types of growth.

To gain insight into the evolution of cell walls, we have selected the three cell wall
biosynthesis modules of P. patens along with the primary and secondary cell wall modules
from A. thaliana for phylogenetic and phylostratigraphic analysis (Figure 8B, Table S9, Figure
S5). As expected for modules representing a trait that emerged in land plants, all five
modules showed significant (P < 0.05) enrichment for genes from the Land Plants
phylostratum, indicating that the ancestor of these modules appeared in an ancestor of land

plants (Table S9).
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Surprisingly, phylogenetic analysis of the three P. patens cell wall modules revealed
exclusive P. patens-specific gene duplications of these modules (black edges), which
indicated that the P. patens modules were duplicated in the bryophyte lineage, after the
split of mosses and vascular plants (Table S9). This result thus represents an independent
duplication of the same pathway in two separate plant lineages. This furthermore suggested
that the ancestor of land plants contained one cellulosic module, since none of the P. patens

modules showed land plant-specific gene duplications.

Phylogenetic analysis revealed that the A. thaliana PCW and SCW modules are connected by
edges representing gene duplications in land plants and angiosperms, indicating that parts
of these modules were duplicated in two evolutionary periods (red and purple edges, Figure
S5). However, if PCW and SCW modules were partially duplicated in the ancestor of land
plants, we would expect to observe modules connected by land plant-specific edges in P.
patens. Since this was not the case, we investigated the PCW and SCW phylogenetic edges
in more detail and observed that the land plant duplication edges were based on the
phylogenetic tree of the CELLULOSE SYNTHASE A (CESA) family (Figure S5). Previous studies
indicated that CESAs can be divided into two classes, i.e. CESA1, CESA3, and CESA6-related
(PCW), and CESA4, CESA7 and CESA8 (SCW) (Taylor et al., 2003; Persson et al., 2007). The
CESA phylogenetic tree shows that the P. patens and S. moellendorfii (representing vascular
plants) CESAs are found on the same clade as A. thaliana PCW CESAs, whereas surprisingly,
the SCW clade does not contain genes found in P. patens or S. moellendorfii (Figure S6A-B).
This result would indicate that either both P. patens and S. moellendorfii independently lost
the SCW clade CESAs, or that the tree topology of CESA phylogenetic tree is incorrect. A

study of CESA evolution indicated that PCW and SCW CESAs duplicated after the divergence
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of land plants, along the lineage leading to A. thaliana and rice (Roberts and Roberts, 2004).
We have therefore amended the phylogenetic edges stemming from the CESA tree to
angiosperm-specific duplication edges, which resulted in PCW and SCW modules showing

exclusively angiosperm-specfic edges (Figure 8C).

Taken together, by combining phylostratigraphic and comparative genomic approaches,
these results indicated that PCW and SCW modules duplicated in the ancestor of

angiosperms, while P. patens independently duplicated additional cell wall modules.

Discussion

Functional analysis of phylostrata

In this study we used a comparative genomics method, phylostratigraphy, to define the
evolutionary origin of gene families (Figure 1). Surprisingly, our analysis clearly
demonstrated an inverse relationship between the age and the percentage of characterized
genes found in a given phylostratum (Figure 2), and this trend almost perfectly reflected the
order of plant clades (Figure 1). While functional knowledge from E. coli, yeast, Drosophila
melanogaster and human systems is used to annotate functions of many plant gene families
by sequence similarity-based approaches (Quevillon et al., 2005), these gene families have
to be present in the last common ancestors of plants and the species that are used to obtain
functional knowledge. In our analysis, this corresponds to the oldest phylostratum, i.e.
Green Plants. However, this trend was still visible for phylostrata that are plant-specific and

which therefore could not be annotated by functional knowledge obtained from other
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kingdoms of life, (e.g. Land Plants, Vascular Plants and others, Figure 2). We hypothesized
that older gene families are more extensively studied, because (i) they tend to show
stronger phenotypes in genetic screens (e.g. they represent an essential process, Figure 3),
(ii) they are present in more plant species (and are consequently more likely to be
investigated), and (iii) old genes tend to be more broadly expressed and are more likely to
be identified by early gene detection methods, such as expressed sequence tags (Rutter et
al.,, 2012; Guo, 2013). Finally, while microarray platforms are invaluable source to study
gene function, they often lack genes from younger phylostrata, as only 31%, 60% and 56% of
genes assigned to youngest phylostrata are found on the microarrays of A. thaliana, rice and
P. patens, respectively (Figure S7). Since information gained from microarrays is often used
to identify genes relevant for a given process, this underrepresentation could cause a bias

towards selecting older genes for functional analysis.

While younger genes are under-investigated, they might represent an untapped source to
study the yet uncharacterized pathways and identify a molecular basis for differences of
species. We therefore propose to use co-expression networks (Table S6 and
www.gene2function.de) to systematically investigate recently evolved modules. Such an
approach would turn around the usual direction of biological research, where genes are
characterized due to an association to a known biological pathway. Instead, novel pathways

important for e.g. environmental adaptations could possibly be found with this approach.

This article is protected by copyright. All rights reserved.



Preferential co-expression of genes that appeared at the same evolutionary period

Phylostratigraphic analyses of biological processes showed that functionally related genes
tend to be associated to a specific phylostratum (Figure 3), indicating that general biological
processes, such as photosynthesis, glycolysis, DNA synthesis and others were already
present in ancestors of green plants. Conversely, developmental programs, secondary
metabolism, cell wall biosynthesis, stress responses, and regulation of gene expression
appeared and expanded in land plants or later (Figure 3, Table S3). This is in line with a
genomic analysis of Selaginella moellendorfii, which revealed a punctuated expansion of

secondary metabolism in vascular plant lineage (Banks et al., 2011).

Since functionally related genes tend to be co-expressed, we hypothesized that
genes assigned to the same phylostratum should be preferentially connected in the co-
expression networks. Indeed, we found that genes from the same phylostratum tend to be
connected (Figure 4) and consequently, form larger connected components than expected
by chance (Figure 5). Conversely, we observed preferential dissociation between genes
separated by large phylostratigraphic distances (e.g. Green Plants-Arabidopsis, Green
Plants-Oryza, Figure 4), showing that younger genes tend not to be co-expressed with old
genes. This shows that certain modules in the co-expression networks were created at a
specific time in plant evolution, and we identified such modules by phylostratigraphic
enrichment analysis (Figure 6, Table S6). It is important to note that our results do not mean
that new biological pathways are completely separated from existing pathways in the co-
expression network. For example, the evolution of cellulosic cell walls in land plants is
integrated into existing factors that are important for cellular growth, such as actin and

microtubules (Ruprecht et al.,, 2011), and other studies have experimentally shown the
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importance of actin and microtubules for cellulose synthesis (Gutierrez et al.,, 2009;
Sampathkumar et al., 2013). Consistent with this, we found several significant associations

of adjacent phylostrata, such as GP-LP and LP-VP in rice (Figure 4E).

New insights gained from combining phylostratigraphy, phylogenetics and co-expression

networks

To elucidate the emergence time and evolutionary relationships between modules, we have
updated PlaNet (www.gene2function.de) with phylostratigraphic and phylogenetic data,
respectively. As a proof of concept, we used photosynthesis to show how our combined

approach can reveal evolution of modules (Figure 7).

To demonstrate how our approach can be used to gain new insights, we analyzed cell wall
biosynthesis modules of P. patens and A. thaliana. Our phylostratigraphic results indicated
that the cell wall module arose in an ancestor of land plants, which is in line with the
absence of cellulosic cell wall in chlorophytes (Domozych et al., 2012). However, since our
analysis does not include charophytes (Figure 1), it is unclear whether the cell wall modules
appeared in the ancestor of charophytes or bryophytes. Based on the presence of cellulosic
cell walls in charophytes (Popper and Fry, 2003; Sarkar et al., 2009; Harholt et al., 2016), it is
likely that the cell wall module arose in this lineage. Addition of a charophyte genome, such
as Klebsormidium flaccidum (Hori et al., 2014), will provide a better phylostratigraphic

resolution for future studies.
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Higher plants contain two cell wall types (PCW and SCW) which are synthesized by two
duplicated gene modules present in angiosperms (Brown et al., 2005; Ruprecht et al., 2011).
Our finding of three cell wall modules in P. patens could have supported that these
duplicated modules were already present in the ancestor of land plants. However,
phylogenetic analysis of the P. patens modules indicated that they were duplicated
independently in the lineage leading to P. patens (Figure 8C), suggesting that the ancestor of
land plants contained one cell wall module and that angiosperms and bryophytes
independently duplicated these modules. While the function of the three P. patens cell wall
modules is currently unknown, the expression patterns of representative genes in P. patens
suggested that these modules could have acquired distinct functions, similarly to the PCW
and SCW modules found in flowering plants (Ruprecht et al., 2016). To verify this
hypothesis, genes in the P. patens modules could be functionally analysed in relation to cell
wall synthesis and expansion. Furthermore, including additional bryophyte genomes, will
help to establish whether the three cell wall modules found in P. patens were duplicated in

the bryophyte lineage, or if they are P. patens-specific.

In our example of the duplicated cell wall biosynthesis modules, the analysis revealed
incorrect phylogenetic relationships based on one phylogenetic tree. This clearly highlighted
that in some cases individual phylogenetic trees derived from high-throughput generated
data might be erroneous and misleading. However, a major advantage of our approach is
that the age and phylogenetic relationships of the modules are inferred by multiple gene
families and phylogenetic trees, which should make the evolutionary inferences more
robust to artefacts that arise due to large-scale construction of gene families and

phylogenetic trees (Figure S6).
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Finally, the limitation of purely genomic approaches is that the functional context of the
younger genes is unknown. As biological functions often require an intricate and
coordinated co-operation of multiple gene products, a more complete understanding of

evolution can only be obtained by taking these relations into account.

Materials and Methods

Estimating phylostrata for genes and gene families

Gene family data for 25 plant species was downloaded from the PLAZA2.5 database (Van Bel
et al., 2012) as file genefamily _data.hom.csv.gz from
http://bioinformatics.psb.ugent.be/plaza/versions/plaza_v2_5/download/index. The species
used in this analysis include 5 chlorophytes (Chlamydomonas reinhardtii, Ostreococcus
lucimarinus, Ostreococcus tauri, Micromonas sp. RCC299, Volvox carteri), 1 bryophyte
(Physcomitrella patens), 1 lycophyte (Selaginella moellendorfii), 5 monocots (Oryza sativa
ssp. Indica, Oryza sativa ssp. Japonica, Brachypodium distachyon, Sorghum bicolor, Zea
mays) and 13 dicots (Lotus japonicus, Medicago truncatula, Glycine max, Malus domestica,
Fragaria vesca, Manihot esculenta, Ricinus communis, Populus trichocarpa, Arabidopsis
thaliana, Arabidopsis lyrata, Carica papaya, Theobroma cacao, Vitis vinifera). To determine
the phylostratum of each family, we investigated which species are present and absent in
each family (Guo, 2013). For example, if a family contained any genes from green algae, the
family was deemed to be created during “green plant” phylostratum. Conversely, if the
family contained genes found in monocots and dicots only, the family was assigned to the
“Angiosperm” phylostratum. Table S1 contains gene IDs, family and phylostratum

assignments for each gene. Since PLAZA2.5 is based on P. patens v1.2 genome and
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Nimblegen arrays are based on v1.6 genome, we used Table S10 (obtained from
http://www.cosmoss.org/) to annotate the Nimblegen arrays with PLAZA gene family
information. Overall, 9340 out of 32569 (28.6%) V1.6 Nimblegen loci present on the
Nimblegen microarray could not be unambiguously mapped to V1.2 PLAZA2.5 loci. TAIR10

and MSU RGAP 6.1 genome versions were used for A. thaliana and rice, respectively.

Percentage of functionally characterized genes in Arabidopsis thaliana

A table containing experimentally characterized genes was obtained from TAIR,

(https://www.arabidopsis.org).

Phylostrata enrichment within MapMan bins

Phylostrata enrichment within Mapman bins was calculated using hypergeometric
distribution. This method estimates the probability of obtaining k successes (i.e. number of a
specific phylostrata in a Mapman bin) in n draws (i.e. number of genes in a Mapman bin),
from a finite population of size N (i.e. number of genes in the genome) that contains exactly
K successes (i.e. number of times the phylostrata of interest is found in the genome). To
correct for multiple hypothesis testing, we used Benjamini-Hochberg procedure (Benjamini

and Hochberg, 1995), at significance level of 0.05.

This article is protected by copyright. All rights reserved.



Microarray normalization, functional annotation and construction of co-expression

networks for P. patens

We have obtained the Nimblegen microarray data for P. patens from ArrayExpress (Table
S11). Nimblegen array data (32569 probesets designed with P. patens genome version v1.6)
was RMA-normalized by DEVA software package (Roche, Nimblegen). Highest reciprocal
rank (HRR) co-expression networks for the two datasets were calculated, as described in
Mutwil et al. (2010). HRR co-expression networks for A. thaliana and rice were obtained
from the PlaNet database (Mutwil et al., 2011). Gene Ontology annotations for P. patens
were downloaded from (http://www.cosmoss.org/). The interactive networks are
implemented using Cytoscape Web (Lopes et al., 2010). Additional quality control of
microarrays revealed no large outliers when clustering the microarray profiles (Figure S8).
The normalized expression matrix and HRR-based co-expression networks are available for
download at http://www.gene2function.de/download.html. Co-expression network
neighborhoods of P. patens were compared to the co-expression networks present in PlaNet
database, by using the FamNet platform (described in Ruprecht et al., 2016). The resulting
conserved and multiplied modules can be downloaded from

www.gene2function.de/download.html.

Estimating performance of P. patens co-expression networks

To estimate the performance of the P. patens co-expression networks and to determine the
optimal HRR value cut-off, we estimated how well the co-expression network predicts gene

function (Figure S9). Such an approach usually necessitates gold standard data in form of
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experimentally characterized genes (Rhee and Mutwil, 2014). While the majority of P.
patens gene annotations are in silico predictions (Gene Ontology evidence code IEA) based
on sequence similarity annotations (e.g. blast2go, (Conesa and Go6tz, 2008)), co-expression
analyses have not been used to predict gene function in this species. We therefore assume
that (i) majority of the in silico annotations are correct and (ii) the annotations are not
derived from co-expression analyses in P. patens. We use a simple Neighborhood Counting
method to estimate gene function (Schwikowski et al., 2000). For each node in the network,
functions present in the first neighborhood are counted. For example, given a gene with
function A that is connected to three genes with function A and two genes with function B,
the number of counted functions is 3A and 2B. A correct prediction is made when the most
frequent function in the first neighborhood is equal to the function of the query node, which
is the case in this example. To obtain a numeric estimate of performance, we use F-
measure, which is defined as F = 2 * ((precision*recall)/(precision + recall)), where precision
= (#correct predictions)/(#made predictions) and recall = (#correct predictions)/(#feasible
predictions). #Made predictions is equal to the number of nodes with edges at a given HRR
cut-off. #Feasible predictions is equal to the number of genes with assigned function. To

remove general GO terms (e.g. “biological process”, “plastid”), terms that are present in

>10% of genes were removed from the analysis (Table S12).

Estimating association between phylostrata

The analysis was performed by counting the phylostratum edges between co-expressed
gene pairs (Figure S1A). For example, two co-expressed genes belonging to the GP

phylostratum, would produce 1 GP-GP association. Since plants employ large gene families,
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co-expressed genes that belong to the same family would lead to an overestimation of the
number of associations between genes from the same phylostratum. To account for this
bias, our analysis only considers gene pairs that belong to different families. To estimate
whether the observed number of association edges is significantly larger or smaller than
expected by chance, we performed permutation analysis, where the gene-phylostratum
assignments were shuffled 1000 times (Figure S1A). For each permutation, the number of
phylostratum associations was counted. The empirical P-value for enrichment is given by the
number of scores from the permuted networks which are larger than the score from the
original network. For example, if the observed number of GP-GP edges was 100 and for 563
of the 1000 randomized networks the value was larger than 100, the empirical P-value is
0.563. To correct for multiple hypothesis testing, we used Benjamini-Hochberg procedure

(Benjamini and Hochberg, 1995), at significance level of 0.05.

Estimating sizes of connected components

Starting from each gene in a given phylostratum, our algorithm iteratively collects genes
from the same phylostratum that are connected to it (Figure S1B). The collection stops until
no more genes from the same phylostratum can be collected. The outcome of the analysis is
a collection of groups of genes that belong to the same phylostratum and are connected in
the networks. From this collection, the largest group of genes from a given phylostratum is
used to represent the connected component. To estimate whether the observed connected
components are larger or smaller than expected by chance, we have kept the network
topology constant, but shuffled the gene-phylostratum assignments 1000 times and

estimated the size of the largest connected component per phylostratum for each
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permutation (Figure S1B). The empirical P-value was calculated by estimating how many
times the observed connected components were larger or smaller than the connected
components in the permuted network. To correct for multiple hypothesis testing, we used
Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995), at significance level of

0.05.

Estimating neighborhoods enriched for different phylostrata

For each first neighborhood in the analyzed co-expression networks, the number of found
phylostrata was determined by first isolating the set of families present in a neighborhood.
By using gene families for the estimation, rather than genes, we account for the large gene
families found in plants. For example, consider a neighborhood of 10 genes, with 8 of the
genes assigned to family A (created in Green Plant lineage), 1 of the genes assigned to
family B (created in Land Plant lineage) and 1 of the genes assigned to family C (created in
Angiosperm lineage). By counting genes rather than gene families, we would obtain
AAAAAAAABC, giving us 8 x Green Plant, 1 x Land Plant, 1 x Angiosperm counts. This result,
caused by the large size of gene family A, would likely indicate that the neighborhood arose
in the Green Plant lineage. Conversely, by isolating the set of gene families, we would obtain
1 x Green Plant, 1 x Land Plant, 1 x Angiosperm counts, which are not likely to be indicated
as enriched for Green Plant lineage. Similarly to the previous statistical analyses, the
empirical P-value describing significance of enrichment or depletion of a phylostratum was
performed by permuting the family-phylostrata assignments 1000 times. To correct for
multiple hypothesis testing, we used Benjamini-Hochberg procedure (Benjamini and

Hochberg, 1995), at significance level of 0.05.
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Gene Ontology and expression profile analysis of modules

GO enrichment analysis of a module is performed by using hypergeometric distribution,
which estimates the probability of obtaining k successes (i.e. number of genes in a module
with GO term of interest) in n draws (i.e. number of genes in a module), from a finite
population of size N (i.e. number of genes in the genome) that contains exactly K successes
(i.e. number of times the GO term of interest is found in the genome). Expression profiles,
co-expression neighborhoods, GO enrichment analyses and FamNet analyses of discussed
modules can be accessed online by querying PlaNet with the respective gene identifier. For
example, analysis of Loc_0s01g09510 can be found at

http://www.gene2function.de/responder.py?name=genelosa!24234.

Obtaining phylogenetic speciation/duplication data

Phylogenetic trees representing PLAZA HOM and ORTHO families were used to (i) estimate
speciation or duplication relationship between genes and to (ii) elucidate the phylostratum
of the speciation/duplication event (Table S3). For each gene pair in the tree, the first
common ancestor node with bootstrap (BS) >50 was isolated and used to estimate the
phylostratum. The duplication Consistency score (C, (Van Bel et al., 2012)) was used to
differentiate between speciation and duplication events, where duplication was defined by
C>0.05 (Van Bel et al., 2012). Table S7 contains gene pairs, BS and C values, event types,

phylostratum, trees and identity of first common ancestor nodes.
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Phylogenomic analysis of photosynthesis and cell wall modules

We provide a step-by-step tutorial on how to replicate the evolutionary analysis of
photosynthesis modules at http://www.gene2function.de/publications.html. The cell wall

module analysis is done by the same procedure.
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Figure S1. Permutation analyses.

Figure S2. A. thaliana connected components.

Figure S3. P. patens connected components.
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Figure S4. Expression profiles of genes found in the P. patens cell wall modules
Ppls144 8V6.1 (red lines), Pp1s60 _109v6.1 (blue lines) and Ppl1s175 122v6.1 (black lines)

shown in Figure 8.

Figure S5. PlaNet output of the 5 cell wall modules found in A. thaliana and P. patens.

Figure S6. PLAZA Phylogenetic tree of Cellulose synthase (CESA) and Cellulose Synthase-like

gene family (CSL).

Figure S7. Representation of phylostrata on used microarrays.

Figure S8. Hierarchical clustering of P. patens Nimblegen microarrays.

Figure S9. HRR cut-off versus F-measure and density of the Physcomitrella patens co-

expression network.

Table S1. Gene (first column) to family (second column) to phylostrata (third column)

assignments for A. thaliana, rice and P. patens.

Table S2. Percentage of functionally characterized genes per phylostratum.

Table S3. Enrichment or depletion of phylostrata within Mapman terms for A. thaliana

(Table S3A), rice (Table S3B) and P. patens (Table S3C).

Table S4. Statistical analysis of connections between phylostrata for A. thaliana (Table
S74A), rice (Table S4B) and P. patens (Table S4C). The "Observed" column and "Mean of
1000 permutations" column show the number of edges in observed and permuted

networks, respectively.
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Table S5. Statistical analysis of largest connected components for A. thaliana (Table S5A),
rice (Table S5B) and P. patens (Table S5C). The "Observed" column and "Mean of 1000
permutations” column show the number of edges in observed and permuted networks,

respectively.

Table S6. Enrichment of phylostrata in first neighborhoods of A. thaliana (Table S6A, left),
rice (Table S6B, middle) and P. patens (Table S6C, right). The positive and negative P-values

indicate enrichment and depletion of phylostrata, respectively.

Table S7. Speciation/duplication events found between genes from A. thaliana, rice and P.

patens.

Table S8. Speciation/duplication events found between photosynthetic modules (Table S8A)
and enrichment of phylostrata in the photosynthetic modules (Table S8B). Positive and

negative P-values indicate enrichment and depletion, respectively.

Table S9. Speciation/duplication events found between cell wall modules (Table S9A) and

enrichment of phylostrata in the cell wall modules (Table S9B).

Table S10. Conversion table between P. patens genome V1.2 and V1.6.

Table S11. PlaNet microarray identified (first column) and identifier found on ArrayExpress

(second column).

Table S12. Frequency of Gene Ontology terms in the P. patens genome V1.6. terms that are

present in more than 10% of genes are marked red.
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Figure legends

Figure 1. Species tree of plants. A) Species tree showing major plant lineages. The numbers
below the tree nodes indicate the number of gene families and genes assigned to a
phylostratum, for A. thaliana (Ath), rice (Osa) and P. patens (Ppa). For example, Ath: 3948,
15715 indicates that A. thaliana has 3948 gene families and 15714 genes assigned to the
Green Plant phylostratum. Grayed-out clades are not present in the PLAZA database and are
not included in the phylostratigraphic analysis. B) Species tree of angiosperms. The BEP

clade (also called BOP clade) includes sub-families Bamboos, Oryzoideae and Pooideae,
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while the PACMAD clade includes Panicoideae, Arundinoideae, Chloridoideae,

Micrairoideae, Aristidoideae, and Danthonioideae sub-families.

Figure 2. Percentage of genes in phylostrata annotated with experimental evidence. A)
Percentage (y-axis) of functionally characterized genes for Arabidopsis thaliana phylostrata
(x-axis). B) Percentage of functionally characterized genes (y-axis) derived from IDA (inferred
from direct assay), IPI (inferred from protein interaction), IMP (inferred from mutant
phenotypes), IGI (inferred from genetic interaction) and IEP (inferred from expression

pattern).

Figure 3. Functional analysis of phylostrata. The rows in the enrichment matrix represent
MapMan terms, while columns indicate phylostrata for A. thaliana (Ath), rice (Osa) and P.
patens (Ppa). Red cells indicate instances where a given phylostratum is significantly
enriched (P<0.05) within a MapMan bin (e.g. Green Plant phylostratum in photosynthesis
bin). Blue and gray cells indicate a significant depletion (P<0.05) or no significant enrichment

or depletion within the MapMan bins, respectively.

Figure 4. Association between phylostrata in the co-expression networks. A) An example
of a network consisting of three Green Plant (GP) and one vascular plant (VP) genes. The
network contains 3 GP-GP and 1 GP-VP edge. B) Number of observed (black bars) Green
Plant-Green Plant (GP-GP) edges compared to an average number GP-GP edges found in

1000 networks with shuffled gene-phylostratum assignments (white bars). Error bars denote
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standard deviation of the shuffled observations. C) Number of observed (black bars) edges
compared to shuffled (white bars) gene-phylostratum assignments for GP-AT (A. thaliana),
GP-0S (O. sativa) and GP-PP (P. patens). The asterisks indicate cases where the number of
edges in the network was significantly (P<0.05) larger or smaller than in the shuffled gene-
phylostratum assignments, respectively. D-F) Lower triangular heatmap indicates significant
(BH<0.05) association (red) and dissociation (blue) of all phylostratum combinations in A.
thaliana (D) rice (E) and P. patens (F). The upper triangular matrix indicates the empirical P-

values.

Figure 5. Sizes of connected components in rice. A) Depiction of a genome-wide network of
rice. Nodes represent genes, while node color indicates the phylostratum assignment of a
gene (see legend below). For brevity, only connected gene pairs that belong to the same
phylostratum are shown. B) Observed size of largest connected component per
phylostratum (indicated by filled bars), as compared to a randomized analysis with 1000
permutations, where gene-phylostratum assignments have been shuffled (white bars). Error
bars denote standard deviation, while red asterisk indicate significant (P<0.05) difference

between observed and permuted sizes.

Figure 6. Examples of neighborhoods enriched for the different phylostrata. A) Green
Plants phylostratum enriched neighborhood of P. patens Pp1s38 194v6.1 (large central
node). Nodes present genes, grey edges indicate co-expression edges, while genes with GO
term “translation” are colored blue. The phylostratigraphic information is visualized as node

border colors, where e.g. the Green Plants phylostratum is indicated by green borders, the
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Land Plants phylostratum by red borders, and the Vascular Plants phylostratum by blue
borders (see edge color legend below the figure). Note that the colors are contextual based
on the species, where orange border indicates a monocot- and dicot-specific phylostrata for
rice and Arabidopsis thaliana, respectively. Rosids, brassicales, malvids and BEP clade are
represented by brown color only, since only few genes are assigned to these phylostrata. B)
Land Plants phylostratum enriched neighborhood from Arabidopsis thaliana. Nodes colored
blue and orange have assigned GO terms “ion transport” and “cell wall organization or
biogenesis”, respectively. C) Monocots phylostratum enriched neighborhood from rice.
Nodes colored blue have assigned GO term “embryo development”. D) AT phylostratum
enriched neighborhood from Arabidopsis thaliana. Nodes colored blue have assigned GO

terms “carpel morphogenesis.

Figure 7. Phylostratigrapic and phylogenetic analysis of photosynthesis modules. A)
Photosynthetic gene modules for A. thaliana, rice and P. patens. Nodes represent genes,
while colored edges represent timing of speciation events found between modules. Nodes
with same shapes and colors indicate genes that belong to the same family and contain
same Pfam domains. The description of the colored shapes is given to the right of the figure;
for brevity, only Pfam families are shown. B) Description of the elements displayed in the
gene module pages. Colored shapes indicate which genes belong to the same family and
contain same Pfam domains, edge styles indicate speciation/duplication events and edge
colors indicate the phylostratum of the events. C) An evolutionary model of the
photosynthetic modules of A. thaliana, rice and P. patens. The colored shapes correspond to

the gene families shown in the modules in Figure 7A.
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Figure 8. Evolutionary analysis of cell wall modules. A) Average expression profiles of the
genes present in the three P. patens cell wall modules provided by PlaNet. Error bars
indicate standard error for 32, 21 and 48 genes found in the Pplsi44 8v6.1,
Ppl1s60 _109v6.1 and Pp1s175 122v6.1 modules, respectively. DAF (days after fertilization),
KO (knock-out). B) Comparison of five cell wall modules from A. thaliana and P. patens. All
five modules are significantly enriched (P<0.05) for genes generated in the Land Plants
phylostratum (denoted by red borders). C) Evolutionary model of the five cell wall modules
from A. thaliana and P. patens. The colored shapes indicate which gene families are present

in the modules.
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Figure 1. Species tree of plants. A) Species tree showing major plant lineages. The numbers below the tree
nodes indicate the number of gene families and genes assigned to a phylostratum, for Arahidopsis (Ath), rice
{Osa) and Physcomitrella (Ppa). For example, Ath: 3948, 15715 indicates that Arabidopsis has 3948 gene
families and 15714 genes assigned to the Green Plant phylostratum. Grayed-out clades are not present in the
PLAZA database and not included in the phylostratigraphic analysis. B) Species tree of angiosperms. BEP clade
{also called BOP clade) includes sub-families Bamboos, Cryzoideae and Pooideae, while PACMAD clade
includes Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae, and Danthonioideae

sub-families.
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Figure 3. Functional analysis of phylostrata. The rows in the enrichment matrix represent MapMan terms,
while columns indicate phylostrata for A. thaliana (Ath), rice (Osa) and P. pafens (Ppa). Red cells

indicate instances where a given phylostratum is significantly enriched (P<0.05) within a MapMan bin (e.g.
Green Plant phylostratum in photosynthesis bin). Blue and gray cells indicate a significant depletion or no
significant enrichment within the MapMan bins, respectively.
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Figure 4. Association between phylostrata in the co-expression networks. A) An example of a network
consisting of three Green Plant (GP) and one vascular plant (VP) genes. The network contains 3 GP-GP and
1 GP-VP edge. B) Number of cbserved (black bars) Green Plant-Green Plant {(GP-GP) edges compared to an
average number GP-GP edges found in 1000 networks with shuffled gene-phylostratum assignments (white
bars). Error bars denote standard deviation of the shuffled observations. C) Number of observed (black bars)
edges compared to shuffled (white bars) gene-phylostratum assignments for GP-AT (A. thaliana),

GP-0S (0. sativa) and GP-PP (P. patens). The asterisk indicate cases where the

number of edges in the network was significantly (P<0.05) larger or smaller than in the shuffled
gene-phylostratum assignments, respectively. D-F) Lower triangular heatmap indicates significant (BH<0.05)
association (red) and dissociation (blue) of all phylostratum combinations in A. thaliana (D) rice (E) and

F. patens (F). The upper triangular matrix indicates the empirical P-values.
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Figure 5. Sizes of connected components in rice. A) Genome-wide network of rice. Nodes represent genes,
while node color indicates the phylostratum assignment of a gene (legend below). For brevity, only connected
gene pairs that belong to the same phylostratum are shown. B) Observed size of largest connected component
per phylostratum (indicated by filled bars), as compared to a randomized analysis with 1000 permutations,
where gene-phylostratum assignments have been shuffled (white bars). Error bars denote standard deviation,
while red asterisk indicate significant (P<0.05) difference between observed and permuted sizes.
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Figure 6. Examples of neighborhoods enriched for the different phylostrata. A) Green Plants phylostratum
enriched neighborhood of P. patens Pp1s38_194v6.1 (large central node). Nodes present genes, grey edges
indicate co-expression edges, while genes with GO term “translation” are colored blue. The phylostratigraphic
information is visualized as node border colors, where e.g. the Green Plants phylostratum is indicated by green
borders, the Land Plants phylostratum by red borders, and the Vascular Plants phylostratum by blue borders
(see edge color legend below the figure). Note that the colors are contextual based on the species, where
orange border indicates a monocot- and dicot-specific phylostrata for rice and Arabidopsis thaliana,
respectively. Rosids, brassicales, malvids and BEP clade are represented by brown color only, since only few
genes are assigned to these phylostrata. B) Land Plants phylostratum enriched neighborhood from Arabidopsis
thaliana. Nodes colored blue and orange have assigned GO terms “ion transport” and “cell wall organization or
biogenesis”, respectively. C) Monocots phylostratum enriched neighborhood from rice. Nodes colored blue have
assigned GO term “embryo development”. D) AT phylostratum enriched neighborhood from Arabidopsis
thaliana. Nodes colored blue have assigned GO terms “carpel moerphogenesis.
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Figure 7. Phylostratigrapic and phylogenetic analysis of photosynthesis modules. A) Photosynthetic gene modules for A. thafiana, rice and
P patens. Nodes represent genes, colored shapes denote gene families, while colored edges represent timing of speciation events

found between modules, as indicated in the legend. B) Description of the elements displayed in the gene module pages. Colored shapes indicate
which genes belong to the same family and contain same Pfam domains, edge styles indicate speciation/duplication events and edge colors
indicate the phylostratum of the events.C) An evolutionary model of the photosynthetic modules, The colored shapes correspond to the gene
families shown in the modules in Figure 7A.
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Figure 8. Evolutionary analysis of cell wall modules. A) Average expression profiles of the genes present
in the three P. patens cell wall modules provided by PlaNet. Error bars indicate standard error for 32, 21 and
48 genes found inthe Pp1s144_8v6.1, Pp1s60_109v6.1 and Pp1s175_122v6. 1 modules, respectively.

DAF (days after fertilization), KO (knock-out). B) Comparison of five cell wall modules from A. thaliana and
F. patens. All five modules are significantly enriched (P<0.05) for genes generated in the Land Plants
phylostratum (denoted by red borders). C) Evolutionary model of the five cell wall modules from A. thaliana
and P. patens. The colored shapes indicate which gene families are present in the modules.
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