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Comparative transcriptomic analysis reveals
conserved programmes underpinning
organogenesis and reproduction in land plants
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Dieter Hackenberg”®, Lenka Steinbachova®, Christos Michaelidis ©°, Sénia Gomes Pereira®¢,
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Jacob Goldberg®, Mark Johnson™, David Honys®, David Twell ©®7, Stefanie Sprunck?,

Thomas Dresselhaus ©3, Jérg D. Becker®°™ and Marek Mutwil ©1%2

The appearance of plant organs mediated the explosive radiation of land plants, which shaped the biosphere and allowed the
establishment of terrestrial animal life. The evolution of organs and immobile gametes required the coordinated acquisition
of novel gene functions, the co-option of existing genes and the development of novel regulatory programmes. However, no
large-scale analyses of genomic and transcriptomic data have been performed for land plants. To remedy this, we generated
gene expression atlases for various organs and gametes of ten plant species comprising bryophytes, vascular plants, gymno-
sperms and flowering plants. A comparative analysis of the atlases identified hundreds of organ- and gamete-specific ortho-
groups and revealed that most of the specific transcriptomes are significantly conserved. Interestingly, our results suggest
that co-option of existing genes is the main mechanism for evolving new organs. In contrast to female gametes, male gametes
showed a high number and conservation of specific genes, which indicates that male reproduction is highly specialized.
The expression atlas capturing pollen development revealed numerous transcription factors and kinases essential for pollen

biogenesis and function.

ance of our planet. In contrast to most of their algal relatives,

land plants are characterized by three-dimensional growth
and the development of complex and specialized organs'. They
possess a host of biochemical adaptations, including those neces-
sary for tolerating desiccation and ultraviolet stress encountered on
land, which allowed them to colonize most terrestrial surfaces. The
earliest land plants were probably not equipped with these adapta-
tions, and many of these adaptations were probably gained on land”.
The earliest land plants, which arose ~470 million years ago’, pos-
sessed tiny fertile axes or an axis terminated by a sporangium"*. The
innovation of shoots and leaves mediated the 10-fold expansion in
the diversification of vascular plants® and an 8-20-fold atmospheric
CO, drawdown®, which significantly shaped the geosphere and bio-
sphere of Earth’. To enable soil attachment and nutrient uptake, the
first land plants only had rhizoids, which are filamentous structures
homologous to root hairs®. Roots later evolved to provide increased
anchorage (and therefore increased height), nutrient uptake and
enable survival in more arid environments. In parallel with innova-
tions in vegetative cell types, land plants evolved new reproductive
structures such as spores, pollen, embryo sacs and seeds together

| he evolution of land plants has completely changed the appear-

with the gradual reduction of the haploid phase. In contrast to
algae, bryophytes and ferns, which require moist habitats, the male
and female gametophytes of gymnosperms and angiosperms are
strongly reduced, consisting of only a few cells, including the gam-
etes”'’. Moreover, sperm cells lost their mobility (with the exception
of the gymnosperm ginkgo and the cycads'') and use pollen grains
as a protective vehicle for long-distance transport and a pollen tube
for their delivery deep into maternal reproductive tissues'’. The
precise interaction of plant male and female gametes, leading to cell
fusion, karyogamy and development of both the embryo and endo-
sperm after double fertilization, has just begun to be deciphered at
the molecular level”. These anatomical innovations are mediated
by coordinated changes in gene expression and the appearance of
novel genes and/or repurposing of existing genetic material. Genes
that are specifically expressed in these organs often play a major
role in their establishment and function'*", but the identity and
conservation of these specifically expressed genes have not been
extensively studied.

Nowadays, flowering plants constitute 90% of all land plants and
serve as the basis for the terrestrial food chain, either directly or
indirectly. The use of model plants such as Arabidopsis thaliana and
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maize and technical advances allowing live-cell imaging of double
fertilization have been instrumental to several major discoveries'®.
When assessing the current knowledge of male and female gam-
ete development in plants, it is evident that the male germline has
been studied to a greater extent™'’. This is mainly due to its acces-
sibility and the development of methods to separate the sperm cells
from the surrounding vegetative cell of pollen, for example, by
fluorescence-activated cell sorting'’. Analyses of male germline dif-
ferentiation, for example, has led to the identification of Arabidopsis
DUO POLLEN 1 (DUOI) and the network of genes it controls,
which include the fertilization factors HAP2 (also known as GCS1)
and GEX2 (ref. '*). However, as novel genes that control the devel-
opment of male and female gametes”'° or their functions' are still
being discovered, it is clear that our knowledge of the molecular
basis of gamete formation and function is far from complete.

Current approaches to study evolution and gene function mainly
use genomic data to reveal which orthogroups are gained, expanded,
contracted or lost. A comparison of 208 genomes revealed two
bursts of genomic novelties in the ancestors of streptophytes and
land plants, which were most probably required for the establish-
ment of multicellularity and terrestrialization®”. While invaluable,
genomic approaches alone might not reveal the function of genes
that show no sequence similarity to known genes®'. To our knowl-
edge, no comprehensive comparisons of organ- and tissue-specific
transcriptomes in land plants have been done. To remedy this, we
combined comparative genomic approaches with newly established,
comprehensive gene expression atlases of two bryophytes, a lyco-
phyte, two gymnosperms, a sister to all angiosperms, two eudicots
and two monocots. We then compared these organ-, tissue- and
cell-specific genes to identify novel and missing components
involved in organogenesis and gamete development.

We show that the transcriptomes of most organs are con-
served across land plants and report the identity of hundreds of
organ-specific orthogroups. We demonstrate that the age of ortho-
groups is positively correlated with organ-specific expression and
that the appearance of organ-specific orthogroups does not coin-
cide with the appearance of the corresponding organ. We observed a
high number of male-specific orthogroups and strong conservation
of male-specific transcriptomes, while female-specific transcrip-
tomes showed fewer specific orthogroups with less conservation.
Our detailed analysis of gene expression data capturing the develop-
ment of pollen revealed numerous transcription factors and kinases
that are potentially important for pollen biogenesis and function.
Finally, we present a user-friendly online database, www.evorepro.
plant.tools, which allows the browsing and comparative analysis of
the genomic and transcriptomic data derived from sporophytic and
gametophytic samples across 13 members of the plant kingdom.

Results

Constructing gene expression atlases and identifying organ-
specific genes. We constructed gene expression atlases for ten phy-
logenetically representative species (Table 1). These include the
bryophytes Physcomitrium patens (Physcomitrella) (Fig. la) and
Marchantia polymorpha (Fig. 1b), the lycophyte Selaginella moellen-
dorffii, the gymnosperms Ginkgo biloba and Picea abies, the sister
lineage of all other angiosperms Amborella trichopoda, the monocots
Oryza sativa and Zea mays, and the eudicots Arabidopsis thaliana
and Solanum lycopersicum (Fig. 1c). The atlases were constructed by
combining publicly available RNA sequencing (RNA-seq) data with
134 fastq files generated by the EVOREPRO consortium, which,
after quality control, captured 18 different organs, tissues or cell
types in ten land plants (Supplementary Table 1). For each species,
we generated an expression matrix that contains transcript-level
abundances captured by transcript per million (TPM) values®. The
expression matrices capture gene expression values from the main
anatomical sample types (from now on called organs), which we

na4

grouped into the following ten classes: flower (comprising whole
flowers or floral tissues with absent or small proportion of gametes),
female, male, seeds, spore, leaf, stem, apical meristem, root meri-
stem and root (Fig. la—c). Furthermore, the expression data were
used to construct co-expression networks and to create an online
EVOREPRO database to enable further analysis of the data (www.
evorepro.plant.tools).

To identify genes expressed in the different organs, we included
only those with an average TPM > 2 (Methods). For all ten species,
approximately 71% of their genes were expressed in at least one
structure (Supplementary Table 2). Interestingly, the male sample
had a lower percentage (38%), followed by root meristems (46%),
while the other organs had 50-60% expressed genes (Fig. 1d).

Organ- and cell-specific genes can often play a major role in
the establishment and function of the organ and cell type'*'®. To
identify such genes, we calculated the specificity measure (SPM) of
each gene, which ranges from 0 (not expressed in an organ) to 1
(expressed only in the organ). A threshold capturing the top 5% of
the SPM values was used to identify the organ-specific genes for
all species (Supplementary Fig. 1 and Supplementary Table 3). To
examine the organ-specific gene expression profiles, we plotted the
scaled TPM values of these genes for A. thaliana. Visual inspec-
tion showed that the TPM values of the organ-specific genes in all
cases are highest in the organs that the genes are specific to (Fig. le
and Supplementary Fig. 2). We then used the Plant Ontology (PO)
annotations of Arabidopsis to test whether the experimentally veri-
fied organ-specific function of genes defined by PO correspond to
our predictions. We divided the PO annotations into 11 groups: 10
corresponding to the organs we studied and 1 named ‘others, which
included the annotations that could either correspond to more than
one organ (that is, guard mother cell could correspond to leaf or
stem) or represent organs and tissues not analysed in this study
(for example, hypocotyl and coleoptile). From the total number of
genes classified as organ-specific in Arabidopsis (9,798 genes), only
an average of 11.4% had a PO annotation (flower, 11.4%; female,
6.9%; male, 8.5%; seeds, 9.4%; leaf, 11.3%; stem, 16.6%; apical meri-
stem, 17.6%; root meristem, 9.4%; and root, 11.4%). In general,
the PO annotation of these genes showed correspondence with the
organ to which they were assigned (that is, the higher percentage of
flower-specific genes had PO annotations related to flowers; Fig. 1f),
except for leaf-specific genes, for which most genes belonged to the
‘others’ category.

For the ten species, an average of 21% of the genes were identi-
fied as organ-specific (Supplementary Table 2). The lowest percent-
age of organ-specific genes was found in P. abies (5%), followed by
M. polymorpha (11%) and P. patens (11%), while the highest per-
centage was found in A. thaliana, for which 35% of the transcripts
showed organ-specific expression (Supplementary Table 2). These
differences can be partially explained by the number of organs and
cell types that we analysed and the availability of data for each spe-
cies, with Arabidopsis having most data (Supplementary Table 1).
Interestingly, we observed that the male (5.3%) and root (5.0%) sam-
ples typically contained the highest percentage of specific genes in
the studied species (Fig. 1g and Supplementary Table 2). In A. thali-
ana, the higher percentage of male-specific genes was in agreement
with previous studies that showed high specialization of the male
transcriptome?. Conversely, stem, spore, apical meristem, root meri-
stem, flower and female showed values lower than 3% (Fig. 1g and
Supplementary Table 2). This is in line with previous studies that also
showed a low number of genes specific to the female gametophyte*.

To summarize, these results show that organ-specific genes rep-
resent an important part of the transcriptome, with male and root
samples possessing the most specialized transcriptomes.

Conservation of organ transcriptomes across species. Our above
analysis suggests that organ-specific gene expression is widespread;
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therefore, we set out to investigate whether these patterns are con-
served across species. To this end, we employed a Jaccard distance
method to investigate which organs specifically expressed simi-
lar sets of orthogroups. Values range from 0 (two samples express
an identical set of organ-specific orthogroups) to 1 (none of the
organ-specific orthogroups are the same in the two samples). We
expected that if, for example, the root-specific transcriptome is con-
served across angiosperms, then the Jaccard distance of root versus
root transcriptomes (for example, Arabidopsis root versus rice root)
should be lower than when comparing root versus non-root tran-
scriptomes (for example, Arabidopsis root versus rice leaf).

The analysis revealed that Arabidopsis flower-, male-, seed-,
stem- and root-specific transcriptomes were significantly more
similar to the corresponding organ in the other species (Wilcoxon
rank-sum test P<0.05; Fig. 2a). When performing the analysis for
all ten species, we observed that root, male and seeds expressed
specifically similar orthogroups in all species with the samples
(7 species for root, 7 for male and 5 for seeds). Meanwhile, for other
organs, some species showed significance for flowers (5 out of 7 spe-
cies with flower samples), female (2 out of 6), leaf (7 out of 10), stem
(5 out of 7), apical meristem (4 out of 5) and root meristem (4 out of
5) (Fig. 2b and Supplementary Fig. 3). Conversely, spore (0 out of 2)
samples did not show similar transcriptomes across Marchantia and
Physcomitrium (Fig. 2b and Supplementary Fig. 3).

As our analysis can serve as a transcriptional readout that
can aid in defining the homology of organs, we also performed
clustering analysis between all pairs of organ-specific genes in the
ten species and observed root-, seed-, flower-, leaf-, meristem- and
male-specific clusters (Supplementary Fig. 4). Interestingly, the
male samples in Physcomitrium and Marchantia formed a distinc-
tive cluster (Supplementary Fig. 4), which suggests that flagellated
sperm of bryophytes employ a unique male transcription pro-
gramme compared with non-motile sperm of angiosperms.

To reveal which biological processes are preferentially expressed
in the different organs across the ten species, we performed a func-
tional enrichment analysis of Mapman bins, transcription factors and
kinases (Fig. 2c, Supplementary Fig. 5 and Supplementary Tables 4
and 5). The analysis revealed that many functions are depleted in
male and root samples in at least 50% of the species, which indi-
cates that most cellular processes in male and roots are significantly
repressed (P <0.05; Fig. 2c and Supplementary Fig. 5). As expected,
genes associated with photosynthesis were enriched in leaves but
depleted in roots, root meristems and male samples. Genes expressed
in roots were enriched in solute transport functions, enzyme classi-
fication (enzymes not associated with other processes), RNA biosyn-
thesis, secondary metabolism, phytohormone action and cell wall
organization (Fig. 2c). Interestingly, female and male reproductive
cells were enriched for the ‘not assigned’ bin, which indicates that
these organs are enriched for genes with unknown functions.

Since the organ-specific genes (Supplementary Table 3) are
probably important for the formation and function of the organ,
we investigated organ-specific transcription factors (Supplementary
Table 6) and receptor kinases (Supplementary Table 7). An enrich-
ment analysis of transcription factors (69 families) and kinases

(142 families) showed that apical meristem and root samples are
highly enriched in transcription factors, while male and apical mer-
istem are enriched for kinases (Fig. 2c). In apical meristems, some of
the enriched transcription factor families (C2C2-YABBY and GRF)
were associated with the regulation, development and differentia-
tion of the meristem”*°. In roots, the enriched transcription factors
(MYB, bHLH, WRKY and NAC) were related to biotic and abiotic
stress response and root development”*. These organ-specific
genes are therefore prime candidates for further functional analyses
(Supplementary Table 7).

Phylostratigraphic analysis of organ-specific orthogroups.
Organs, such as seeds and flowers, appeared at a specific time in
plant evolution. To investigate whether there is a link between the
appearance of orthogroups and their expression patterns, we used
the proteomes of 23 phylogenetically representative species and a
species tree derived from the One Thousand Plant Transcriptomes
Initiative, 2019. Orthogroups (orthologous gene groups) were
obtained using Orthofinder (v.2.4.0)* (Methods) and their age
(node in the species tree) was estimated using phylostratigraphy™.
Briefly, for each orthogroup, we searched its last common ancestor
to place it to one node (phylostrata) of the species tree, where node 1
indicates the oldest phylostratum and node 23 indicates the young-
est, species-specific phylostratum (Supplementary Table 8). A total
of 131,623 orthogroups were identified in the 23 Archaeplastida,
of which 113,315 (86%) were species-specific and the remaining
18,308 (14%) were assigned to internal nodes. Of these internal
node orthogroups, most were ancestral (24% for node 1, 10% for
node 3), representing the common ancestor of streptophytes (7%,
node 6), land plants (7%, node 8), seed plants (10%, node 13),
monocots (0.3%, node 18) or eudicots (1%, node 19) (Fig. 3a). An
analysis of the phylostrata in each species revealed a similar distri-
bution of the orthogroups, with most of them belonging to node 1
(~34%) or were species-specific (~31%; Supplementary Fig. 6).

To investigate whether the different phylostrata show different
expression trends, we used RNA-seq data to survey orthogroups
that contain at least two species. This resulted in 43,883 (33% of
the total number of orthogroups) meeting this criterion. Then,
each orthogroup was assigned to the following different expression
profiles: ubiquitous (not specific in any organ), not conserved (for
example, root-specific in one species, flower-specific in others) or
organ-specific (see Methods for details and Supplementary Table 8
for the expression profile of each orthogroup). The majority of
the orthogroups in internal nodes (not species-specific) of the
phylogenetic tree were assigned as ubiquitous (9,416), which corre-
sponded to orthogroups that showed broad and not organ-specific
expression (Fig. 3b). Interestingly, we observed a clear pattern of
orthogroups becoming increasingly organ-specific as the phylos-
tratigraphic age decreased (<5% specific genes in node 1 versus
~25% in node 13), which indicates that younger orthogroups are
recruited to specific organs (Fig. 3b). Using Gene Ontology (GO)
annotations of Arabidopsis genes with experimental evidence, we
observed that organ-specific orthogroups have relevant functions
for the assigned organ (Supplementary Table 9).

>
>

Fig. 1| Expression atlases for seven land plant species. a-c, Depiction of the different organs, tissues and cells collected for P. patens (a) M. polymorpha
(b) and angiosperms (c). d, The percentage of genes (x axis) found to be expressed (defined as TPM > 2) in organs (y axis) of the different species
(indicated by coloured bars as in f). The numbers beneath the organs (y axis) indicate the average percentage of genes for all species. A. meristem, apical
meristem; R. meristem, root meristem. e, Expression profiles of organ-specific genes from A. thaliana. Genes are in rows, organs in columns and the genes
are sorted according to the expression profiles (for example, flower, female). The numbers at the top of each column indicate the total number of genes
per organ. Gene expression is scaled to range from O to 1. Bars on the left of each heatmap show the organ-specific genes and correspond to the samples
on the bottom. f, Percentage of organ-specific Arabidopsis genes with PO annotations for the ten organs. The ‘Other’ category indicates genes with
annotations that could correspond to more than one organ or samples not included in this study. g, The percentage of genes with specific expression in the
ten species. Species are indicated by the following mnemonics: PHYPA, P. patens; MARPO, M. polymorpha; SELML, S. moellendorffii; GINBI, G. biloba; PICAB,
P. abies; AMBTC, A. trichopoda; ORYSA, O. sativa; MAIZE. Z. mays; ARATH, A. thaliana; SOLLC, S. lycopersicum.
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Next, we identified organ-specific orthogroups and investigated
when they appeared during plant evolution. The number of ortho-
groups in internal nodes per organ varied from 12 (spore) to 228
(root), and we observed trends of organs across the internal nodes.

RESOURCE

In general, many organ-specific orthogroups were present in nodes
corresponding to monocots (nodes 18, 20 and 22). As expected, the
9,416 ubiquitous orthogroups were mostly of ancient (nodes 1-7)
origin, which suggests that these old orthogroups tend to show
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Fig. 2 | Comparison of organ-specific transcriptomes. a, Bar plot showing the Jaccard distances (y axis) when comparing the same samples (x axis,
for example, male-male) and one sample versus the others (for example, male-others) for A. thaliana. Lower values indicate a higher similarity of the
transcriptomes. The sample size (n) is indicated below each boxplot. Two-sided Wilcoxon rank-sum statistic was used to obtain the P values indicated
above the boxplots. All the boxplots show the distribution of all samples with dots, the median (centre line) and the first and third quartile (upper and
lower hinges), and the whiskers extend to a maximum of 1.5x the interquartile range. *P < 0.05, **P < 0.01. b, Significantly similar transcriptomes

are indicated by blue cells. Two-sided Wilcoxon rank-sum statistic was used to obtain the P values. ¢, Heatmap showing the significant (P<0.05)
functional enrichment or depletion in the ten organ classes (y axis) in at least 50% species. The heatmap indicates Mapman bins (photosynthesis-not
assigned), transcription factors and kinases. In all cases, one-sided empirical P values were calculated using the functional enrichment analysis method
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broader expression. The nonconserved groups had both old and
more recent orthogroups. From the organ-specific families, leaves
and spores were the groups containing more ancient families, while
meristems had younger families. Flower, root, seeds and stem had
few older families. Interestingly, when we compared male and
female groups, we observed that the male-specific orthogroups had
older orthogroups than the female-specific orthogroups (Fig. 3¢).
Several studies have revealed that new genes in animals tend to
be preferentially expressed in male reproductive tissues, such as tes-
tis’. Similar observations have been made in Arabidopsis, rice and
soybean®, for which new genes were predominantly expressed in
male reproductive cells”. This suggests that these cells may act as

1148

an ‘innovation incubator’ for the birth of de novo genes. Our gene
expression data also revealed that male samples possess the young-
est transcriptome in Arabidopsis (Fig. 3d, yellow bar), and in the
male samples of M. polymorpha, A. trichopoda, Z. mays, O. sativa,
S. lycopersicum, but not in P. patens (Fig. 3e, dark-blue cells for male,
and Supplementary Fig. 7). Pollen also expressed a substantial pro-
portion of old genes (species nodes 1-7 in Fig. 3c), which probably
represents an old transcription programme present in gametes in
Archaeplastida. With the unclear exception in Physcomitrium, we
conclude that the observation that male samples express young
genes is robust in the plant kingdom. However, we cannot rule out
the possibility of an underestimation of the age in male samples,

NATURE PLANTS | VOL 7 | AUGUST 2021 | 1143-1159 | www.nature.com/natureplants


http://www.nature.com/natureplants

NATURE PLANTS RESOURCE
a — Porphyridium purpureum b Percentage of expression profile types
2L Cyanidioschyzon merolae 0 25 50 75 100
Cyanophora paradoxa ! ! ! !
J—Chlamydomonas reinhardtii 1 | 3,554
5L— . Micromonas commoda 3 1,102
L ) 44 | 1,003
Klebsormidium nitens
Chara braunii 61 | 881
Physcomitrium patens 7 I 221
Marchantia polymorpha 87 [l 845
Selaginella moellendorffii 97 109
Azolla filiculoides 101 1IN 177
Salvinia cucullata 17 [ ]| REX
Ginkgo biloba 131 0N 940
Gnetum montanum 144 BN 736
Picea abies 157 I W 279
Amborella trichopoda 17 7 | B RFc]
Zostera marina 18 1 B 2
Brachypodium distachyon 19 [ Il 136
Oryza sativa 20 4 | e
Zea mays PHYPA - I 4,115
Solanum lycopersicum MARPO - B 2,291
Vitis vinifera SELML I 3239
Arabidopsis thaliana GINBI Il W 5530
PICAB - B 4736
< Percentage gene family phylostrata AMBTC -| e B o4
with an expression profile ORYSA - [ ] | W 3,178
N Ubiquitous 1 M 9,416 MAIZE | B B W 3607
- i
o —— ——— o1 ARATH [ ] W B 1367
Female - I 67 SOLLC [ ] I I 2313
Male {mmmmmmm - 197
SS%%?: — — ?; Ubiquitous I Spore
Leaf - e 148 Not conserved M Leaf
Stem - I 89 M Flower Stem
31 mgﬁiim — gg [ Female A. meristem
Root I 028 Male M R. meristem
i T T T T
0 25 50 75 100 Seeds ™ Root
Species 1-7 W8-11 13 14 15
tree node mW18,20,22 W17 W19, 21
d A. thaliana e 1.0
38 Flower -
161 Female - 1
14 : 0 Male 0.8
12 4 = 29 : Seeds - [ ] o6 g
< 104 36 : Spore ' 8
4,2 S e e S0 . % A. meristem - 02 -
. . . i . ‘ ‘ ‘ : R. meristem - )
& o o o & & & & S Root - o ‘ ‘ Lo
Q\o‘$ QQ‘@ ~ (oe,e‘ N ¥ 0‘\\5} Q}f} <« ; g % g ?r_; E é g E g
. . —_ <
v T2B%cz5323

Fig. 3 | Genomic analysis of the organ specificity of orthogroups. a, Species tree of the 23 species for which we have inferred orthogroups. The phylogenetic
relationship was based on the One Thousand Plant Transcriptomes Initiative, 2019. Species in red are the ones with transcriptomic data available. Blue
numbers in the nodes indicate the node number (for example, 1: node 1). The red circles in the tree show the percentage of orthogroups found at each node
(largest: node 1, 24% of all orthogroups; smallest: node 21, 0.1%). b, Percentage of expression profile types of orthogroups per node. The expression profile
types are as follows: ubiquitous (orthogroup is not organ-specific); not conserved (organ-specificity is not conserved in different species); or organ-specific
(for example, root-specific). The numbers to the right of the chart indicate the number of orthogroups assigned to a node. ¢, Percentage of phylostrata (nodes)
within the different expression profile types. The numbers to the right of the chart indicate the number of orthogroups assigned to the different expression
profiles. d, Transcriptomic age index (TAI) values of the different organ-specific genes in A. thaliana. The boxplots show the TAl values (y axis) in the different
organs (x axis), where a high TAl value indicates that the organ expresses a high number of younger genes. The sample size (n) is indicated above each
boxplot. All the boxplots show the distribution of all samples with dots, the median (centre line) and the first and third quartile (upper and lower hinges), and
the whiskers that extend to a maximum of 1.5x the interquartile range. e, Summary of the average TAl value in the ten species. The organs are shown in rows,
while the species are shown in columns. The TAl values were scaled to 1for each species by dividing values in a column with the highest column value.

since male-specific orthogroups seem to evolve fast (see “Evolution
of ubiquitous and organ-specific orthogroups”), and it has been
observed that higher rates of evolution can lead to error in phylos-
tratigraphic analyses™.
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Phylostratigraphic and gene expression analyses reveal that
co-option drives the evolution of organs. The evolution of land
plants involved many major innovations mediated by gains and
losses of orthogroups and co-option of existing gene functions®.
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Fig. 4 | Evolutionary analysis of organs. a, Enrichment and depletion of organ-specific genes per node in the species tree (nodes in the x axis are the same

as in Fig. 3a). The colours correspond to the number of species showing enrichment in each case (dark red: all species show enrichment, dark blue: all
species show depletion). Horizontal bars below the node numbers show the main clades in different colours. Bry, bryophytes; Gymn, gymnosperms.

b, Cladograms of the main lineages showing gain (in red) and loss (blue) of orthogroups with ubiquitous and organ-specific expression profiles.

Most of the changes are related to land adaptations compris-
ing requirements for structural support, uptake of water, preven-
tion of desiccation and gas exchange®. To better understand this

complex process, we first analysed the enrichment/depletion of
organ-specific and ubiquitous genes in each node of the species tree
(Supplementary Table 10). In line with previous results (Fig. 3b),
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ubiquitous genes were enriched for genes that appeared before the
divergence of land plants and depleted for genes that appeared when
plants colonized land (node 8, Fig. 4a). In line with the basal func-
tion (photosynthesis) of leaves, leaf-specific genes were enriched in
ancestral nodes and the species-specific nodes of M. polymorpha
(thallus samples) and S. moellendorffii (microphyll), and depleted in
species-specific nodes of the seed plants (Fig. 4a).

Leaf-specific orthogroups were acquired mainly in two ancestral
nodes, before the divergence of land plants and before the diver-
gence of seed plants (Fig. 4b). Most of the orthogroups were gained
in node 1 (34 families; Supplementary Table 11). Leaves have mul-
tiple origins in land plants™; however, the programmes for oxygenic
photosynthesis originated in ancient organisms”. In agreement,
before the divergence of land plants, we observed enrichment for
functions related to photosynthesis (<node 8, before land plants),
while after the divergence of land plants, we detected enrichment
for additional functions such as external stimuli response, cytoskel-
eton organization, phytohormone action and protein modification
(Supplementary Table 12).

Interestingly, stem-, root- and flower-specific genes shared a
similar pattern and appeared to be enriched in nodes 4-8, 10-13,
15 and 20, and depleted in the species-specific nodes of vascular
plants, except for P. abies for stems and S. moellendorffii for flowers.
Although the origin(s) of roots, stems and flowers are associated
with vascular plants**~*, we observed gene family expansions before
the divergence of land plants (Fig. 4b) and in nodes as old as node 3
(2 orthogroups) for stems, node 1 (1 orthogroup) for roots and node
3 (1 orthogroup) for flowers (Supplementary Table 11). Previous
studies have suggested that the evolution of novel morphologies was
mainly driven by the reassembly and reuse of pre-existing genetic
mechanisms, as exemplified by the conserved transcription pro-
grammes between flowers and cones in gymnosperms®**'. It was
indicated that primitive root programmes may have been present
before the divergence of lycophytes and euphyllophytes®. Also,
before the divergence of charophytes from land plants, an ancestral
origin was proposed for the SVP subfamily, which plays a crucial
role in the control of flower development*. A recent study has shown
that a moss (Polytrichum commune) possesses a vascular system
functionally comparable to that of vascular plants*. These results
support the idea that primitive stem-, root- and flower-specific
orthogroups existed before the divergence of vascular plants. After
the divergence of land plants, we can observe that there is incremen-
tal gene family gain in monocots for all three organs (roots, stems
and flowers; Fig. 4b, indicated by red nodes) and to a lesser extent in
the ancestral node of seed plants. Specifically, for stem, we observed
more gains in gymnosperms and more losses in eudicots. The func-
tional enrichment analysis supports only enrichment in nodes cor-
responding to land plants (>node 8, before land plants) and not in
older nodes (Supplementary Table 12).

Male-specific genes were enriched in angiosperms (node 15),
monocots (node 20), eudicots (nodes 19 and 21) and species-specific
nodes, while female-specific genes were enriched only in monocots
(nodes 18 and 22), eudicots (node 19) and species-specific nodes
(Fig. 4a). Additional male-specific families were gained in older
nodes than female-specific families (intensity of the red colour in
the ancestral node of land plants, Fig. 4b). For male orthogroups,

RESOURCE

we observed 6 waves of gains (>15 orthogroups) in nodes 3, 8
(land plants), 13 (seed plants), 15 (angiosperms), 19 (eudicots)
and 20 (monocots). From these nodes, parallel to gains, we also
observed many losses (>10 orthogroups) in nodes 13 (seed plants),
15 (angiosperms) and 19 (eudicots) (Supplementary Table 11). For
female-specific families, we observed three main waves of gains
(>10 orthogroups) in nodes 13 (seed plants), 14 (gymnosperms)
and 20 (monocots), and different waves of losses (Supplementary
Table 11). Male orthogroups showed enrichment for protein modi-
fication, enzyme classification, RNA biosynthesis, cell cycle orga-
nization and phytohormone action, whereas female orthogroups
showed enrichment only for RNA biosynthesis (Supplementary
Table 12). Considering the gains and losses of orthogroups, for
male-specific families, gains were mainly in the node ancestral to
land plants and in monocots, whereas for female-specific families,
gains were in seed plants and gymnosperms (Fig. 4b).

In summary, the genetic programmes for organ-specific genes
are present in older nodes, before the divergence of land plants.
Monocots seem to be the group with more gene family gains, which
is in agreement with previous studies®.

Evolution of ubiquitous and organ-specific orthogroups.
Understanding the evolution of a gene is key to understanding
the evolution of its function. We have observed that most of the
organ-specific orthogroups appear early in evolution, before the
divergence of land plants and the establishment of most organs
(Fig. 4). Since gene duplication is considered an important source
of functional innovation, we decided to test whether organ-specific
orthogroups experienced more duplications during their evolution
than ubiquitously expressed orthogroups. To test this, we used the
ubiquitous and organ-specific orthogroups with a size of at least two
sequences (13,329 orthogroups) and analysed the number of dupli-
cations observed (Methods). Interestingly, the number of duplica-
tions was much higher in orthogroups with a ubiquitous expression
profile than in any other organ-specific group (Supplementary
Fig. 8a). Conversely, the organ-specific orthogroups predominantly
showed one or two duplications.

To test whether the organ-specific orthogroups evolved faster
than ubiquitously expressed orthogroups, we calculated the evolu-
tionary rates as the ratio of nonsynonymous to synonymous sub-
stitution rates (dN/dS) for each single-copy orthogroup (Methods).
A total of 1,621 orthogroups were analysed, and the average pair-
wise dN, dS and dN/dS values were calculated for each group.
Spore-specific orthogroups showed very high dS values (~35.7)
and were not included in this analysis. The median dN/dS values
for ubiquitous and organ-specific orthogroups were less than 1,
which suggests that there is purifying selection (Supplementary
Fig. 8b), as has been observed in previous studies**"”. When we com-
pared the dN/dS distribution of ubiquitous genes against each of the
organ-specific groups, we observed that male and stem orthogroups
have significantly lower median dN/dS values (Wilcoxon rank-sum
test, P=1.4x107? and 1.5% 107, respectively), and female and leaf
orthogroups have significantly higher values (Wilcoxon rank sum
test, P=3.4%1072 and 2.9X107% respectively) (Supplementary
Fig. 8b). For female and leaf orthogroups, the higher dN/dS values
observed were mainly due to a significant difference in the dN rate

>
>

Fig. 5 | Comparison of male development across species. a-¢, Schematic overviews of sexual reproduction in Angiosperms (a), Physcomitrium (b) and
Marchantia (c). d, Heatmaps showing the expression of male samples genes for A. thaliana. Genes are in columns, sample names in rows. Gene expression
is scaled to range between O and 1. Darker colour corresponds to stronger gene expression. Bars to the bottom indicate the k-means clusters. e, Heatmap
showing enrichment (orange) and depletion (blue) of functions in the found clusters. Light colours: P < 0.05, dark colours: P< 0.01. In all cases, one-sided
empirical P values were calculated using the functional enrichment analysis method (Supplementary Methods). The individual P values are presented

in Supplementary Table 15. f, Heatmap showing the average normalized TPM value per cluster for all the species. g, Clustermap is showing the Jaccard
distance between pairs of clusters of all the species. In e-g, the red horizontal and vertical lines are used to indicate the cluster containing predominantly

mature pollen samples.
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(Supplementary Fig. 8c), which suggests that there are higher rates
of adaptive evolution. Interestingly, a recent study** also observed
higher dN/dS values in genes expressed in style and ovules in
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Solanum species, thereby supporting our findings. However, the
lower dN/dS values observed in male and leaf are mainly explained
by significantly higher dS rates, which is a proxy for the mutation
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rate and could indicate that these orthogroups are evolving faster.
Other studies showed that genes expressed in pollen tend to have
lower dN/dS values than genes not expressed in pollen, which is
attributed to a stronger purifying selection on genes expressed
in the haploid gametophyte®. Furthermore, high dS values were
observed in genes predominantly expressed in the sperm and pollen
tube of Arabidopsis”. We observed that male samples expressed
younger transcriptomes (transcriptome age index (TAI) values;
Fig. 3e), and since proteins that evolve rapidly could underestimate
the phylostratigraphic age™, we cannot exclude the possible effect
of this higher evolutionary rate in male orthogroups on the TAL
However, we also observed higher dS rates for seeds, stems and
roots (Supplementary Fig. 8d), which were not met with high TAI
values (Fig. 3e).

To study the relationship between the age and evolution of an
orthogroup, we compared rates of evolution across the different
nodes (phylostrata) of the species tree, and observed higher dN/
dS, higher dN and lower dS in younger nodes (Supplementary
Fig. 8ef,g and Supplementary Table 13). Interestingly, node 14
(gymnosperms) showed the highest median dN/dS, whereas node
1 showed the lowest median value, which was significantly different
from younger nodes (Supplementary Table 13). We observed that
older orthogroups have significantly higher dS values, which points
to fast evolving genes. Previous studies showed that older ortho-
groups have lower dN/dS, but did not observe large differences in
dS values™. It is worth mentioning that monocots (node 20) seem to
evolve faster than gymnosperms (node 14), and gymnosperms show
significantly higher dN/dS than angiosperms (nodes 17 and 20),
which can be explained by a major accumulation of nonsynony-
mous mutations. The difference in evolutionary rates between
gymnosperms and angiosperms has been observed and discussed
in previous studies®.

Comparisons of transcription programmes of gametes. Sexual
reproduction is a complex process that requires dramatic repro-
gramming of the transcriptome during the diploid-to-haploid tran-
sition®. In diploid flowering plants, sexual reproduction involves the
production of haploid male and female gametes and fertilization of
the female ovule by male gametes mediated by pollination (Fig. 5a).
The pollen delivers the sperm cell(s) to the ovary by a pollen tube,
and the fertilized ovules grow into seeds within a fruit (Fig. 5a). The
two haploid bryophytes in our study differ in their sexual repro-
duction. Physcomitrium is monoecious and bears both sperm and
eggs on one individual (Fig. 5b), while Marchantia is dioecious and
bears only egg or sperm, but never both (Fig. 5¢). However, both
species produce motile sperm that require water droplets to fertilize
the egg, generating diploid zygotes. The zygotes divide by mitosis
and grow into a diploid sporophyte. The sporophyte eventually pro-
duces specialized cells that undergo meiosis and produce haploid
spores, which are released and germinate to produce haploid game-
tophytes (Fig. 5b,c).

To further study whether the transcription programmes of sex-
ual reproduction are conserved in land plants, we applied k-means
clustering on the male- and female-specific genes from the RNA-seq
samples representing different samples of male and female organs
(Supplementary Table 1). For male-specific genes, the analysis
assigned each sample to one or more clusters (Fig. 5d exemplifies
male samples in Arabidopsis (for other species, see Supplementary
Fig. 9)), with a variable number of genes assigned to each cluster
(Supplementary Table 14). We then inferred enriched biological
processes (Fig. 5e and Supplementary Table 15), plotted average
expression profiles (Fig. 5f) and used Jaccard distances to identify
similar clusters across species (Fig. 5g). Interestingly, three clusters
showed strong similarity and were specific to pollen tricellular,
mature pollen and pollen tube for angiosperms (Fig. 5g, indicated
by red lines). The functional enrichment analysis revealed that the
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corresponding samples were mainly enriched for cell wall organi-
zation, cytoskeletal organization, multi-process regulation and pro-
tein modification (supported by five species, Fig. 5¢). Conversely,
other clusters showed enrichment for genes without assigned func-
tions and depletion for many biological processes (Fig. 5e).

The female samples included were less diverse than male
samples. In all species, each sample was assigned to a cluster with
the exception of O. sativa, for which the ovule was divided into
two clusters (Supplementary Fig. 10 and Supplementary Tables 16
and 17). Interestingly, when we measured the Jaccard distances
among all clusters (including the species with one female sample), we
observed no grouping of similar clusters, indicating that the female
gamete transcriptomes were poorly conserved (Supplementary
Fig. 10). The functional enrichment analysis showed enrichment
mainly for not assigned functions and RNA processing, and deple-
tion for many biological processes (Supplementary Fig. 10). The
G. biloba ovule cluster (GINBI-0, ovule) showed enrichment for
many functions, but ovule samples of other species did not support
this observation. Despite the small number of samples included,
these results provide evidence that female gamete transcriptomes
are poorly conserved across the different species analysed.

Analysis of signalling networks underpinning male gameto-
phyte development and function. Gene co-expression networks
help to identify sets of genes involved in related biological pro-
cesses and highlight regulatory relationships®. Since we iden-
tified different gene clusters for male subsamples (see above),
we decided to test whether the genes assigned to different clus-
ters are co-expressed. For this purpose, we reconstructed the
co-expression networks of the ten species and analysed whether
the number of observed connections was similar to the number of
expected connections (Methods). Interestingly, the clusters with
expression profiles related to sperm had the least number of con-
nections with other clusters for O. sativa, Z. mays, A. trichopoda
and A. thaliana (Fig. 6a). However, this pattern was not clear in
S. lycopersicum, for which the sperm cluster had connections
with the cluster of generative cells. Specifically, for A. thaliana the
co-expression network revealed that cluster C5 (sperm) is not well
connected with other clusters (Fig. 6b), which suggests that the
sperm cell transcriptome is distinctive, thereby confirming ear-
lier observations™. The connections between clusters followed
a pattern from cluster CO to C4, which highlighted the interac-
tion of genes among the different developmental stages of male
gametogenesis. The number of transcription factors and kinases
present in the co-expression network changed among the different
clusters, where transcription factors seemed to be more abundant
in cluster CO (microspore), while kinases were more abundant in
cluster C3 (mature pollen) (Fig. 6b, indicated by the sizes of rect-
angles, and Supplementary Table 18).

Transcription factors and kinases are regulatory proteins essen-
tial for plant growth and development. To uncover the regulatory
mechanism underlying male gametogenesis, we analysed all the
predicted transcription factors and kinases in all the male clus-
ters of A. thaliana. First, we searched the literature describing the
experimentally verified function for all the transcription factors and
kinases present in the five clusters (Supplementary Table 19). Then,
we classified the function of each gene as follows: no effect related to
male gametogenesis (none); no experimentally described function
(unknown); and important for microspore, bicellular, mature pol-
len, pollen tube and sperm function. Interestingly, most of the genes
were described as unknown (Fig. 6¢), which indicates that there are
no experiments associated with these genes. It is important to note
that the genes classified as ‘none’ have been found to have an effect
in other organs, but since a pollen phenotype can be easily missed,
this does not rule out the possibility that these genes are associated
with male development. Also, many of these genes showed effects in
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Fig. 6 | A network analysis of male clusters. a, Heatmaps showing the number of observed connections divided by the number of expected connections.
Darker colours indicate more connections between clusters. b, A. thaliana co-expression network clusters showing the edges between the different clusters
(indicated as ARATH-0-5). The size of the panels indicate the number of genes in each cluster. ¢, Percentage of genes of each A. thaliana male cluster. The
colours indicate the different stages of male development that a given gene is known to be involved in. For example, the majority of transcription factors in

cluster ARATH-4 (highest expression in the pollen tube, Fig. 5f) are important for pollen tube growth (green bars).

roots, and it has been shown that some genes are active during tip
growth of root hairs and pollen tubes™. We observed that the tran-
scription factors were important at different stages of male develop-
ment, with the main phenotypes affecting pollen tube and sperm
function. Conversely, kinases only showed an effect on pollen tubes,
which is in line with their intercellular communication involve-
ment. Interestingly, we observed that genes present in the pollen
tube cluster (ARATH-4) only affected pollen tube function, but pol-
len tube function can also be affected by genes from earlier stages
of pollen development (ARATHI1-3). In the case of sperm function,
transcription factors expressed in tricellular pollen have the greatest
effect, but we also observed the involvement of genes expressed in
microspore, mature pollen and sperm (Fig. 6¢).
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Comparative gene expression analyses with the EVOREPRO
database. To provide easy access to the data and analyses generated
by our consortium, we have constructed an online database avail-
able at www.evorepro.plant.tools. The database is preloaded with
the expression data used in this study and also includes Vitis vinif-
era (grapevine, eudicot), Chlamydomonas reinhardtii (chlorophyte)
and Cyanophora paradoxa (glaucophyte), bringing the total number
of species to 13. The database can be queried with gene identifiers
and sequences, but also allows sophisticated, comparative analyses.

To showcase a typical user scenario, we identified genes specifi-
cally expressed in male organs (defined as, for example, >35% reads
of a gene expressed in male organs for Arabidopsis; Supplementary
Fig. 1). This can be accomplished for one (https://evorepro.sbs.ntu.
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of unique and common orthogroups of male-specific genes in Arabidopsis and Amborella. The default SPM value cut-off of 0.85 was used for both species.
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exclamation marks indicate genes with low expression (<10 TPM). d, Expression profile of GCST from Arabidopsis. The coloured columns indicate the
average expression values in the different samples, while grey points indicate the minimum and maximum expression values. The y axis indicates the TPM
value. e, Expression profile of GCS1-like gene from Amborella (AMTR_s00069p00106210). For clarity, the grey point indicating the maximum value in the
sperm sample is omitted. f, Phylogenetic tree of the gene family OG_05_0008081 representing GCST. The branches represent genes that are colour-coded
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to the right. g, Heatmap indicating the low (green) and high (red) expression of the GCST gene family. h, Comparative analysis of co-expression clusters
significantly (P<0.05) enriched for the ‘pollen tube' GO term in Arabidopsis (cluster 13, left) and Amborella (cluster 39, right). Nodes indicate genes, while
solid grey and dashed blue edges connect co-expressed and orthologous genes, respectively. We used ‘label co-occurrences’ as node options. For clarity,
only part of each cluster is shown.

edu.sg/search/specific/profiles) or two (https://evorepro.sbs.ntu.
edu.sg/specificity_comparison/) species, where the latter option can
reveal specific expression profiles that are conserved across species
(Fig. 7a). For this example, we selected Arabidopsis and Amborella
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as species A and B, respectively, from the drop-down menus, and
used orthogroups comprising only land plants, which uses all spe-
cies found under node 8 in the species tree (Fig. 3a). Alternatively,
the user can also select orthogroups constructed with seed plants
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(11 species found under node 13, Fig. 3a) or Archaeplastida (23 spe-
cies found under node 1, Fig. 3a) sequences. Next, to select male
organs for comparisons, we specified ‘Tissue specificity’ and ‘Male’
as a method to group the RNA-seq samples according to the defini-
tions in Table 1. The slider near ‘SPM cut-off” allows the user to
adjust the SPM value (the slider ranges from SPM 0.5 to 1), which
interactively reveals many genes are deemed organ-specific at a
given SPM value cut-off. We left the slider at the default value (0.85)
and clicked on the ‘Compare specificities’ button. The analysis
revealed that 319 orthogroups are specifically expressed in the male
organs of both Amborella and Arabidopsis (Fig. 7b), while the table
below showed the identity of the genes and orthogroups (Fig. 7c and
Supplementary Table 21). Interestingly, among the conserved genes,
we observed GCS1, which is required for pollen tube guidance and
fertilization™. The table also contains links that redirect the user to
pages dedicated to the genes and orthogroups. For example, click-
ing on the Arabidopsis GCS1 gene identifier redirects the user to a
gene page containing the DNA/protein sequences (https://evorepro.
sbs.ntu.edu.sg/sequence/view/17946), expression profile (Fig. 7d),
gene family, co-expression network and GO functional enrich-
ment analysis of the gene™. As expected, the interactive, export-
able expression profiles confirmed that the Arabidopsis GCS1 and
the Amborella orthologue (Fig. 7e; https://evorepro.sbs.ntu.edu.sg/
sequence/view/45084) are male-specific, with the highest expres-
sion in sperm and pollen. Clicking on the gene family identifier
(OG_05_0008081) redirects to the gene family page (https://evore-
pro.sbs.ntu.edu.sg/family/view/139708), which, among others, con-
tains an interactive phylogenetic tree (Fig. 7f; https://evorepro.sbs.
ntu.edu.sg/tree/view/88288) and heatmap (Fig. 7g; https://evorepro.
sbs.ntu.edu.sg/heatmap/comparative/tree/88288/row) showcasing
the male-enriched expression profiles for most of the genes in this
family. Therefore, this approach can be used to identify conserved,
organ-specific genes across two species and to study family-wide
expression patterns.

Alternatively, the database can be used to identify conserved
co-expression clusters of functionally enriched genes. To demon-
strate this tool, we navigated to https://evorepro.sbs.ntu.edu.sg/
search/enriched/clusters and entered ‘pollen’ into the GO text box,
selected ‘pollen tube’ as the query and clicked on ‘Show clusters’ The
analysis revealed five co-expressed clusters significantly (P <0.05)
enriched for the ‘pollen tube’ GO term in Arabidopsis. We clicked on
one of the clusters (cluster 13, https://evorepro.sbs.ntu.edu.sg/clus-
ter/view/113), which redirected us to a page dedicated to the cluster.
As expected, the cluster is significantly (P < 0.05) enriched for genes
involved in pollen tube growth, cell wall organization and kinase
activity, which are processes required to expand and direct the pol-
len tube to the ovule. The page contains the identity of the 152 genes
found in this cluster, their average expression profiles, co-expression
network (https://evorepro.sbs.ntu.edu.sg/cluster/graph/113) and
orthogroups and protein domains found in the cluster.

Furthermore, a table labelled ‘Similar clusters’ reveals the
identity of similar (defined by the Jaccard index, see Methods)
co-expression clusters in other species, which can be used to rapidly
identify functionally equivalent clusters across species. To exem-
plify this, we first clicked on the Jaccard index’ table header to sort
the similar clusters and clicked on the ‘Compare’ link next to Cluster
39 from Amborella (https://evorepro.sbs.ntu.edu.sg/graph_compar-
ison/cluster/113/769/1). This redirected us to a co-expression net-
work page showing the genes (nodes), co-expression relationships
(grey edges) and orthologous genes (coloured shapes of nodes con-
nected by dashed edges) conserved in the two clusters. The analysis
revealed many conserved genes essential for pollen function, such
as ANX2 (ref. *°), BUPS2 (At2¢21480)", PI4K Gamma-1 (ref. **),
PTENI (ref. *°), RICI (ref. ©°) and ATMI (ref. ©'). To conclude, this
approach can be used to uncover functionally equivalent, conserved
transcription programmes.
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Discussion

To study the evolution of plant organs and gametes, we generated
and analysed gene expression profiles for ten land plants, compris-
ing representatives of bryophytes, lycophytes, gymnosperms, sister
to all angiosperms, monocots and eudicots. The main advantage
of our analysis is that the conclusions are drawn from compara-
tive analyses of ten species, which cover the largest collection of
representatives of land plants. The comparative analysis revealed
that each organ type typically expressed >50% of genes, with the
exception of the male gametes, which showed expression of ~38%
of genes, on average (Fig. 1d). Conversely, male gametes and
roots showed the highest number (5.3% and 5.0%, respectively)
of specifically expressed genes (Fig. 1f), which suggests that these
non-photosynthesizing cell types and tissues are highly unique and
specialized.

Despite the substantial heterogeneity of the growth conditions
of the plants, the different developmental stages of the sampled
organs and the different representation of the various tissues found
in the organs (for example, buds, stamen filaments and carpels in
Arabidopsis versus whole flowers in tomato; Table 1), we observed a
significant and robust conservation of the transcription programmes
of the analysed organs. With the surprising exception of female
gametes, the corresponding transcriptomes tended to be more simi-
lar across the analysed samples (Fig. 2b and Supplementary Figs. 3
and 4). As also observed in previous studies, roots, male and seeds
express conserved expression programmes*>®. Another exception
is seen in the leaf-like organs of bryophytes (leaflets and thallus for
Physcomitrium and Marchantia, respectively), which indicates that
these organs have evolved independently from the leaves of flow-
ering plants or that they have substantially diverged since the last
common ancestor of flowering plants and bryophytes.

Next, we examined the expression patterns of expressed ortho-
groups as a function of their age. We report a clear trend of older
orthogroups having more ubiquitous (that is, less organ-specific)
expression, while younger orthogroups show an increasingly higher
proportion of organ-specific expression (Fig. 3b,c). This indicates
that newly acquired genes are typically recruited to perform a spe-
cialized function in a plant organ, tissue or cell type, rather than
being integrated into fundamental biological pathways. As expected,
male gametes showed the highest expression of the youngest genes
(Fig. 3d,e and Supplementary Fig. 7), which is in line with previous
studies®*’. Interestingly, Physcomitrium gametes did not show this
pattern, which is a finding that warrants further studies.

To study how new functions were gained or lost as the organs
and gametes evolved, we studied which phylostrata are enriched or
depleted in the different organs (Fig. 4a). Interestingly, we observed
a significant enrichment for orthogroups that appeared long before
the corresponding organ (Fig. 4a), which shows that the establish-
ment of organs relies heavily on the co-option of existing genetic
material, as previously suggested’****". Flowers (appearance in
angiosperms), stems (appearance in vascular plants) and roots
(appearance in vascular/seed plants) showed similar patterns of
enrichment and depletion of genes (Fig. 4a). This is surprising, as
these organs appeared at different stages of plant evolution, which
suggests that the co-option underlying the establishment of novel
organs follows a similar pattern of gene gains and losses. Based on
the diverse patterns of gains and losses of organ-specific ortho-
groups (Fig. 4b), we conclude that monocot-specific families show
substantial net gains in genes that are specifically expressed in male
gametes, seeds, stems, roots or in apical and root meristems (Fig. 4b).
This suggests that during monocot evolution, organ-specific tran-
scriptomes were enriched with novel functions. Surprisingly, eudi-
cots showed an opposite pattern, exhibiting more net losses of
organ-specific families in flowers, female and male gametes, leaves,
stems, roots and apical meristems (Fig. 4b). Similar patterns of
gene losses were also observed in two major groups of the animal
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kingdom (Ecdysozoa and Deuterostomia), which suggests that
reductive evolution of protein coding genes plays a major role in
shaping genome evolution®’. This surprising pattern of loss of func-
tions in eudicots merits further investigation and analysis, which
are made possible by identifying the corresponding orthogroups
(Supplementary Table 11) and genes (Supplementary Table 8).

Our comparative analysis of male gamete development revealed
that transcription programmes of mature pollen form well-defined
clusters and are therefore conserved across species (Fig. 5f,g). The
mature pollen clusters were enriched for processes related to signal-
ling (protein modification comprising protein kinases) and cell wall
remodelling (Fig. 5e), which are probably representing processes
mediating pollen germination, pollen tube growth and sperm cell
delivery. Conversely, the earlier stages of male gamete develop-
ment showed less defined clusters and enrichment for genes with
unknown function (bin ‘not assigned;, Fig. 5¢), which suggests that
the processes taking place in the early stages of pollen development
are yet to be uncovered. Furthermore, the female gametes showed
poor clustering, which indicates that there is overall low conser-
vation of the transcription programmes and enrichment of genes
with unknown function for most clusters (Supplementary Fig. 10c).
These results indicate that genes expressed during early male gam-
ete and female gamete formation warrant closer functional analy-
ses, which is now made possible by our identification of these genes
(Supplementary Tables 14 and 16). Of particular interest are the
male-specific transcription factors and kinases that we identified
(Fig. 6¢), which are presumably involved in various stages of pol-
len development and function (Supplementary Table 19). As a large
fraction of these genes are not yet characterized, their involvement
in male gametogenesis and function should be further investigated.

To provide easy access to the 13 expression atlases, organ-specific
genes, functional enrichment analyses, co-expression networks and
various comparative tools, we provide the EVOREPRO database
(www.evorepro.plant.tools) to the community (Fig. 7). This data-
base represents a valuable resource for further study and validation
of key genes involved in organogenesis and land plant reproduction.

An even deeper understanding of the origin and evolution of
plant organs will require an analysis of more plant species (espe-
cially streptophyte algae, ferns and gymnosperms), together with
inclusion of information about the presence of noncoding DNA
(for example, cis-regulatory elements) and noncoding RNA (for
example, long noncoding RNAs and microRNAs).

Methods

Plant growth, RNA isolation and sequencing. The protocols used to generate
RNA-seq data for Physcomitrium, Marchantia, tomato, maize, Arabidopsis and
Amborella are described in the Supplementary Methods.

Compiling gene expression atlases. RNA data of different samples from nine species
(P, patens, M. polymorpha, G. biloba, P. abies, A. trichopoda, O. sativa, Z. mays,

A. thaliana and S. lycopersicum) were grouped in ten different classes (organs)
(flower, female, male, seeds, spore, leaf, stem, apical meristem, root meristem and
root) (Table 1 and Supplementary Table 1). For male and female reproductive organs,
we also included different subsamples (female: egg cell, ovary and ovule; male:
microspore, bicellular pollen, tricellular pollen, mature pollen, pollen tube, generative
cell and sperm) for each species (Table 1 and Supplementary Table 1). A total of 4,806
different RNA-seq samples were used, from which 4,672 were downloaded from the
SRA database and 134 obtained from our experiments (see above). Publicly available
RNA-seq data were downloaded from ENA (https://www.ebi.ac.uk/ena/browser/
home). For more details, see the Supplementary Methods.

Identifying organ-specific genes. Organ-specific genes based on expression data
were detected by calculating the SPM, using a similar method as described in ref. *°.
For each gene, we calculated the average TPM value in each sample (for example,
root, leaf and seeds). Then, the SPM value of a gene in a sample was computed by
dividing the average TPM in the sample by the sum of the average TPM values of
all samples. The SPM value ranges from 0 (a gene is not expressed in a sample) to

1 (a gene is fully sample-specific). To identify sample-specific genes, for each of the
ten species, we first identified a SPM value threshold above which the top 5% SMP
values were found (Supplementary Fig. 1, red line). Then, if the SPM value of a
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gene in a sample was equal to or larger than the threshold, the gene was deemed to
be specifically expressed in this sample.

Similarity of organ-specific transcriptomes between samples and species.

To estimate whether organ-specific transcriptomes (see above) are similar, we
calculated the Jaccard distance, d;, between orthogroup sets. These orthogroup sets
were found by identifying the orthogroups of organ-specific genes per each species.
Then, pairwise d; values were calculated for all the samples and used as input for
the clustermap. The d; ranges between 0 (the two sets of orthogroups are identical)
to 1 (the two sets have no orthogroups in common).

To estimate whether the organ-specific transcriptome of a species was
significantly similar to a corresponding sample in the other species (for example,
Arabidopsis root versus rice root or tomato root), we tested whether the d; values
comparing the same sample were smaller (that is, more similar) than d; values
comparing the sample to the other samples (for example, Arabidopsis root versus
rice flower, rice leaf, tomato flower or tomato leaf). We used Wilcoxon rank-sum
to obtain the P values, which were adjusted using false discovery rate correction®
with a cut-off of 0.05.

Phylogenomic and phylostratigraphic analysis. We used proteomes of 23 species
representing key phylogenetic positions in the plant kingdom (Supplementary
Table 20) to construct orthologous gene groups (orthogroups) with Orthofinder
(v.2.4.0)”. A species tree, of the 23 individuals, based on a recent phylogeny
including more than 1,000 species” was used for the phylostratigraphic analysis.
The phylostratum (node) of an orthogroup was assessed by identifying the oldest
clade found in the orthogroup using ETE (v.3.0). For more details, see the
Supplementary Methods.

TAI calculation. TAI is the weighted mean of phylogenetic ranks (phylostrata)
and we calculated it for every sample®. We used the species tree from the One
Thousand Plant Transcriptomes Initiative, 2019 (ref. ©’). The nodes in the tree
were assigned numbers ranging from 1 (oldest node) to 22 (youngest node, Fig. 3a)
by traversing the tree using ETE (v.3.0)* with default parameters. The age
(phylostratum) of an orthogroup and all genes belonging to the orthogroup were
derived by identifying the last common ancestor found in the orthogroup using
ETE (v.3.0)". In the case of species-specific orthogroups, the age of the orthogroup
was assigned as 23. Finally, all genes with TPM values <2 were excluded and the
TAI was calculated for the remaining genes by dividing the product of the TPM
value of the gene and the node number by the sum of TPM values.

Functional annotation of genes and identification of transcription factor and
kinase families. The proteomes of the ten species included in the transcriptome
dataset were annotated using the online tool Mercator4 v.2.0 (https://www.plabipd.
de/portal/web/guest/mercator4/-/wiki/Mercator4/recent_changes). Transcription
factors and kinases were predicted using iTAK (v.1.7a)*. Additional transcription
factors were identified using the online tool PlantTFDB v.5.0 (http://planttfdb.cbi.
pku.edu.cn/prediction.php)”. For more details, see the Supplementary Methods.

Functional enrichment analysis. Functional enrichment of the list of
organ-specific and cluster-specific genes of each species, and genes gained in

each node, was calculated using the bins predicted with Mercator4 v.2.0. Briefly,
for a group of m genes (for example, genes specifically expressed in Arabidopsis
root), we first counted the number of Mapman bins present in the group, and then
evaluated whether these bins were significantly enriched or depleted by calculating
an empirical P value. Transcription factor and kinase enrichment was calculated
following the same procedure. For more details, see the Supplementary Methods.

Identification of orthogroup expression profiles. To analyse the expression
profiles at the phylostrata level, orthogroups were classified as ‘organ-specific,
‘ubiquitous’ or ‘not conserved. Organ-specific orthogroups are orthogroups
containing organ-specific genes and can be subclassified according to the organ
(flower-, female-, male-, seed-, spore-, leaf-, apical meristem-, stem-, root
meristem-, root-specific). Ubiquitous are orthogroups that are expressed in different
organs for each species; that is, they do not show an ‘organ-specific’ expression
profile. Not conserved are orthogroups that have different organ-specific expression
profiles in different species (for example, orthogroups containing root-specific
genes for Arabidopsis and male-specific genes for Solanum). Only orthogroups

with species with sufficient expression data were used. More specifically, we only
analysed orthogroups that fulfilled the following criteria: (1) species-specific with
transcriptome data or (2) contained at least two species with transcriptome data.

To identify organ-specific orthogroups, we required (3) >50% of genes of the
orthogroup should support the expression profile and (4) >50% of the species with
transcriptome data present in the node should support the expression profile.

Gene enrichment analysis per phylostrata. To analyse gene enrichment of specific
organs across the different phylostrata in the species tree (Fig. 3a), we used all the
organ-specific genes of the ten species included. For each species and for each defined
sample (ubiquitous, flower, female, male, seeds, spore, leaf, stem, apical meristem,
root meristem and root), we counted the number of genes present in each node of
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the species tree and then evaluated whether the number of organ-specific genes were
significantly enriched or depleted by calculating an empirical P value as described
for functional enrichment analysis. Then, we evaluated each organ and counted the
number of species that show significant enrichment/depletion (P<0.05) in each
node of the species tree. We obtained a normalized value per node by calculating the
difference between species showing enrichment and species showing depletion and
dividing it by the total number of species that show enrichment/depletion.

Gene family comparisons. For each organ-specific (flower, female, male, seeds,
spore, leaf, stem, apical meristem, root meristem and root) and ubiquitous expression
profile, we mapped loss and gain of organ-specific orthogroups onto the species tree
(Fig. 3a). All the orthogroups classified as organ-specific (see above) were analysed
independently, and gain and loss were computed using the approach described in
ref. 7 with ETE (v.3.0)*". Briefly, a gene family gain was inferred at the last common
ancestor of all the species included in the family and a loss when a species did not
have orthologues in the particular gene family. Groups of monophyletic species

that have lost the gene were counted as one loss. Then, we collapsed the values of
the nodes of the species tree to fit the different clades included (Fig. 4b), and we
calculated the difference between the total gains and the total losses to obtain an
absolute value for each node. The values of each expression profile were normalized
by dividing the values by the maximum absolute value in a way that we got a range
from —1 to 1 (negative values for losses and positive values for gains). Finally, for
each expression profile (ubiquitous, flower, female, male, seeds, spore, leaf, stem,
apical meristem, root meristem and root), a graphical representation of the different
clades showing the nodes with an intensity of colour proportional to the normalized
values of gains and losses was plotted using ETE (v.3.0)%.

Gene duplications and evolutionary rates of ubiquitous and organ-specific
orthogroups. To analyse gene duplication, ubiquitous and organ-specific
orthogroups with at least two sequences (13,329) were selected. The orthogroups
with two sequences (2,188) were analysed separately, and if the two sequences
belonged to the same species, one duplication was assumed. For each orthogroup
with at least three sequences (11,141), gene trees were reconstructed. The protein
sequences of each orthogroup were aligned using the same approach as described
in the PhylomeDB pipeline”, and phylogenetic trees were built using IQ-TREE
(v.2.1.2)”. For more details, see the Supplementary Methods.

Identification of gamete-specific transcription profiles by clustering analysis.
We analysed the male and female organ-specific genes and their different
subsamples (Supplementary Table 1) to identify transcription profiles by clustering
analysis. For the clustering analysis, we only included species with at least two
subsamples (A. trichopoda, O. sativa, Z. mays, A. thaliana and S. lycopersicum). The
male samples were divided into microspore, bicellular pollen, tricellular pollen,
mature pollen, pollen tube, generative cell and sperm cell for angiosperms, and
sperm for bryophytes. The female samples were divided into egg cell, ovary and
ovule. For each gene, the average TPM value in each subsample was calculated, and
the average TPM values were scaled by dividing by the highest average TPM value
for the gene. The k-means clustering method from the sklearn.cluster package was
used to fit the scaled average TPM values to the number of clusters (k) ranging
from 1 to 20. The sklearn.cluster package contains multiple methods to evaluate
the influence of the clustering parameters, and we used the elbow method to find
the optimal number k, where k that produced a sum of squared distances <80% of
k=1 was selected (Supplementary Fig. 11).

Constructing the co-expression network and establishing the EVOREPRO
database. Co-expression networks were calculated using the CoNekT framework™,
which was also used to establish the EVOREPRO database available at www.
evorepro.plant.tools. For each species, all the genes that were co-expressed in each
male cluster were analysed to test whether the number of connections observed

is similar to the expected number. For this, we divided the number of observed
connections between the genes of two clusters (for example, cluster 1 and cluster 2)
by the expected value (the product of the number of genes in cluster 1 x the
number of genes in cluster 2). These values were used to perform a Pearson’s
correlation analysis and the results were presented in heatmaps. The networks
present in the male clusters were visualized using Cytoscape (v.3.8.0)"". The
network files are available at https://evorepro.sbs.ntu.edu.sg/species/.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The fastq files are available for Arabidopsis (E-MTAB-9456), Amborella
(E-MTAB-9190), Marchantia (E-MTAB-9457), Physcomitrium (E-MTAB-9466),
maize (E-MTAB-9692) and tomato (E-MTAB-9725). The data can be obtained
from https://www.ebi.ac.uk/ena.
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