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Plant innate immunity relies on nucleotide binding leucine-rich repeat receptors (NLRs) that recognize pathogen-derived
molecules and activate downstream signaling pathways. We analyzed the variation in NLR gene copy number and identified
plants with a low number of NLR genes relative to sister species. We specifically focused on four plants from two distinct
lineages, one monocot lineage (Alismatales) and one eudicot lineage (Lentibulariaceae). In these lineages, the loss of NLR
genes coincides with loss of the well-known downstream immune signaling complex ENHANCED DISEASE SUSCEPTIBILITY
1 (EDS1)/PHYTOALEXIN DEFICIENT 4 (PAD4). We expanded our analysis across whole proteomes and found that other
characterized immune genes were absent only in Lentibulariaceae and Alismatales. Additionally, we identified genes of
unknown function that were convergently lost together with EDS1/PAD4 in five plant species. Gene expression analyses in
Arabidopsis (Arabidopsis thaliana) and Oryza sativa revealed that several homologs of the candidates are differentially
expressed during pathogen infection, drought, and abscisic acid treatment. Our analysis provides evolutionary evidence for
the rewiring of plant immunity in some plant lineages, as well as the coevolution of the EDS1/PAD4 pathway and drought

responses.

INTRODUCTION

Over 450 million years ago (MYA) plants diverged from a common
ancestor shared with charophyte green algae (Sanderson et al.,
2004; Zhong et al., 2015) and acquired new traits facilitating the
colonization of diverse terrestrial environments. Extant plant lin-
eages, such as bryophytes (mosses, liverworts, and hornworts),
terrestrial vascular plants (ferns), gymnosperms (pine, spruce),
and angiosperms (monocots, eudicots) radiated from the an-
cestor of terrestrial plants over 300 MYA (Zeng et al., 2014). Crops
in modern agriculture typically belong to the monocot or eudicot
classes of angiosperms. Major yield losses result from the ex-
posure of crops to biotic and abiotic stresses. In contrast to
studies in controlled laboratory conditions that commonly focus
on individual stress responses, crops in the field are often
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simultaneously exposed to biotic and abiotic stresses, which are
likely to be exacerbated as a consequence of climate change
(Ramegowda and Senthil-Kumar, 2015). There is an urgent need
to advance our understanding of stress responses for the
breeding of more resilient crops.

Land plants have likely been accompanied by beneficial and
pathogenic microbes throughout their evolutionary history. The
initial plant disease resistance response to a pathogen relies on
recognition of extracellular microbe-associated molecular pat-
terns (MAMPs) and is termed MAMP-triggered immunity (MTI;
Newman et al., 2013). Most pathogens deploy effectors that can
suppress MTI to facilitate virulence (Newman et al., 2013). Hence,
a second intracellular monitoring system of effector-triggered
immunity (ETI) is essential for resistance to many pathogens
(Tamborski and Krasileva, 2020). Plant nucleotide binding Leu-
rich repeat receptors (NLRs) mediate ETI upon detection of in-
tracellular pathogen molecules (Tamborski and Krasileva, 2020).
The NLR immune recognition system predates land plant emer-
gence as proteins with a similar architecture are present in green
algae (Charophyta) and red algae (Rhodophyta; Gao et al., 2018).

NLR proteins are typically composed of three or more domains
(Jones et al., 2016; Baggs et al., 2017). The nucleotide binding
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Background: Plants are constantly battling microbes that cause disease whilst in their natural habitats. It is important
to understand how plants defend against these diseases in order to help maintain plant diversity and prevent loss to
crop yield. One way plants defend against disease is through a cell-based surveillance system that utilizes immune
receptors known as NLRs. NLRs are encoded by genes with a common genetic signature and therefore can be
identified in the DNA of plants which have had their genomes sequenced. Often plant genome sequences are made
available online and then other scientists can look into the DNA to identify genes of interest, in our case NLRs. The
number of NLRs that have been identified in a single plant's DNA ranges from 10 to 1000.

Question: We wanted to discover if there was a common genetic factor among plants that had a low number of
immune genes. We hoped to uncover genetic components of the plant immune system that had previously been
hidden through traditional genetic experiments, due to multiple genes having a similar role and masking the effects of

one another.

Findings: Some plants with unusual lifestyles, such as aquatic plants, are missing important immune signaling genes
that were previously thought to be present in all plants. These plants included duckweed which is commonly found
covering ponds. Through comparing genomes of 19 diverse plants we identified a new group of genes, named
ASTREL genes, which we suspect to have a role in immunity. These genes follow the same pattern of presence and

absence of known immunity genes.

Next steps: We would love to find out the role of new ASTREL genes to see if they are important in plant immunity
as we suspect. A challenge with this is multiple genes often work in the same pathway so when you alter one gene
the effect maybe masked by other genes working in the same pathway. As the ASTREL genes are found across
many plants, from tomato through to maize, they offer the exciting potential to understand disease resistance in

several crops.

I

(NB-ARC) domain is the common central component of an NLR
and is involved in receptor activation (Jones et al., 2016). The NB-
ARC domain is usually followed by a series of Leu-rich repeats
(LRRs), which mediate intramolecular interactions within NLRs
and intermolecular binding of effector proteins (Dodds et al.,
2001; Catanzariti et al., 2010; Krasileva et al., 2010). A Toll-like
Interleukin-1 (TIR-1) or a coiled-coil (CC) domain are typically
found at the N terminus of NLRs, where they function in the ini-
tiation of the signaling cascade (Bernoux et al., 2011). NLRs
containing a TIR-1 domain are referred to as TNLs, whereas CNL
refers to NLRs with a CC domain. The third clade of NLRs called
RNLs is characterized by the presence of an N-terminal RPW8
(RESISTANCE TO POWDERY MILDEW 8) domain. Members of all
three clades (CNLs, TNLs, and RNLs) are present in basal an-
giosperms and gymnosperms (Gao et al., 2018; Van Ghelder et al.,
2019). Despite 120 to 180 MY of independent monocot and eu-
dicot evolution, the barley (Hordeum vulgare) CNL MILDEW LO-
CUS A (MLA) was still functional when transferred to thale cress
Arabidopsis (Arabidopsis thaliana; Maekawa et al., 2012). Despite
the observed functional conservation of some NLRs, significant
differences are observed between monocots and eudicots. The
most pronounced difference between NLR repertoires of mono-
cots and eudicots is the absence of TIR-1 containing TNLs in
monocots (Tarr and Alexander, 2009). Among eudicots, typically
over half the NLRs contain a TIR-1 domain (Meyers et al., 2003;
Sarris et al., 2016), whereas monocots have only a few TIR-2 type
NLR genes (Meyers et al., 2003; Nandety et al. 2013; Sarris et al.,
2016). Within monocots and eudicots, NLRs from different sub-
clades have undergone both contractions and expansions in
a lineage-specific manner.

NLRs can function either as sensors of pathogen-derived
molecules or as helpers controlling signal transduction (Wu
etal.,2017; Casteletal.,2018;Qietal.,2018; Lapinetal.,2019; Wu

etal., 2019). All TNLs characterized to date as well as some CNLs
genetically depend on RNLs, such as N REQUIREMENT GENE 1
(NRGT1) and ACTIVATED DISEASE RESISTANCE-LIKE1 (ADRT;
Castel et al., 2018; Qi et al., 2018; Lapin et al., 2019; Wu et al.,
2019). Additional helper NLRs have been found within both the
TNL and CNL sub-clades. Some lineages, such as the Sol-
anaceae, have evolved complex sensor-helper networks in which
multiple sensors depend on the same helper for signaling (Wu
etal.,2017,2018). Understanding NLR functions and their genetic
requirements can guide their deployment in crop improvement.

The key signaling pathways downstream of NLRs have
been identified and studied primarily in eudicot species. First
discovered in Arabidopsis, NON-RACE SPECIFIC DISEASE
RESISTANCE-1 (NDR1) has since been shown to be conserved
across eudicots and is required for signaling of several CNLs
(Century et al., 1995; Coppinger et al., 2004). NDR1 is thought to
mediate resistance by controlling fluid loss in the cell (Knepper
et al., 2011), yet the exact mechanism of how it induces signal
transduction remains unclear.

Another signaling hub used by many NLRs and all TNLs studied
to date includes the lipase-like proteins ENHANCED DISEASE
SUSCEPTIBILITY 1 (EDS1), PHYTOALEXIN DEFICIENT 4 (PAD4),
and SENESCENCE ASSOCIATED GENE 101 (SAG101; Falk et al.,
1999; Jirage et al., 1999; Feys et al., 2005). In planta work in
Arabidopsis showed that EDS1 binds directly to PAD4 and
SAG101 to form mutually exclusive heterodimeric complexes
(Wagner et al., 2013), and this complex formation changes the
subcellular localization of EDS1 depending on the interacting
partner (Zhuetal.,2011). Recent work has also provided molecular
and genetic evidence that Arabidopsis EDS1, SAG101, and NRG1
form a complex upon TNL activation, resulting in cell death (Lapin
etal., 2019). TNL signaling involves enzymatic catalysis of NAD +,
which activates EDS1 through a yet unknown mechanism
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(Horsefield et al.,2019; Wan et al., 2019). RNLs act downstream of
EDS1/PAD4/SAG101 to induce plant cell death and transcrip-
tional responses (Castel et al., 2018; Qi et al., 2018; Lapin et al.,
2019; Wu et al., 2019).

Both EDS1 and PAD4 are present in almost all angiosperms,
and were present before the angiosperm and gymnosperm split
(Wagner et al., 2013; Bhandari et al., 2019; Lapin et al., 2019). In
contrast, SAG101 is absent from available grass genomes along
with TNLs (Wagner et al., 2013). Despite the absence of TIR-1
NLRs in monocots, wheat (Triticum aestivum) EDS1 has retained
functional importance in immunity. Overexpression of TaEDST in
a susceptible T. aestivum cultivar results in reduced Blumeria
graminis f.sp. tritici haustorial growth (Chen et al., 2018). More-
over, TaEDS1 was able to complement the eds7 mutant in Ara-
bidopsis (Chen et al., 2018), highlighting its highly conserved role
in immune signaling.

Both NDR1- and EDS1/PAD4/SAG101-mediated signaling
converge in accumulation of salicylic acid (SA; Venugopal et al.,
2009; Cui et al., 2018). Across monocots and eudicots, there is
conservation of the general SA-mediated response, its major
regulator NONEXPRESSER OF PR GENES 1 (NPR1), and in-
duction of PATHOGENESIS RELATED (PR) genes. Conserved
signaling components of plant immunity have been used to en-
gineer broad-spectrum resistance (Cao et al., 1998; Xu et al.,
2017), demonstrating the translational impacts on crop pro-
duction from understanding the evolution of immune signaling.

Several plant immunity components, including EDS1/PAD4 as
well as ADR1, also affect abiotic stress responses (Chini et al.,
2004; Wituszynska et al., 2013; Szechynska-Hebda et al., 2016).
Continuous overexpression of ADR1 increased drought tolerance
in Arabidopsis (Chini et al., 2004); this phenotype was not seen in
other mutants with enhanced PR gene expression and depended
on the presence of functional EDS1 and PAD4 (Chini et al., 2004).
Similarly, mutants in LESION SIMULATING DISEASE 1 (LSD1)
that exhibit runaway cell death were more resistant to drought and
high-light stress in EDS1/PAD4-dependent manner (Wituszynska
et al., 2013; Szechynska-Hebda et al., 2016). The mechanism of
drought tolerance in /sd7 null mutants and ADR17 overexpression
lines is thought to involve SA but to be independent of abscisic
acid (ABA), consistent with the described antagonism between SA
and ABA (Moeder et al., 2010). Recent studies have started to
elucidate components mediating this crosstalk and prioritization
(Berens et al., 2019; Wolinska and Berens, 2019), and further
studies are essential to fully understand how abiotic and biotic
stress responses are regulated.

Within flowering plants, there is a huge amount of genetic,
genomic, and phenotypic diversity that can be used to understand
plant molecular pathways. Previous studies examined convergent
evolution in plants to successfully predict gains and losses of
genetic pathways and to identify new pathway components
(Ibarra-Laclette et al., 2013; Wang et al., 2014; Olsen et al., 2016;
Michael et al., 2017). In the study of plant symbiotic interactions,
this approach has been particularly fruitful, identifying coevolved
proteins that have since been functionally validated (Bravo et al.,
2016; Griesmann et al., 2018; Radhakrishnan et al., 2020) and
uncovering the origin of nitrogen-fixing rhizobium symbioses
(Griesmann et al., 2018; van Velzen et al., 2018). The growing
number of available plant genomes, including species from

diverse environments, increases the opportunity to elucidate
pathways that facilitate adaptation.

In this study, we used comparative genomics to look at the NLR
gene copy number variation across angiosperms. We identified
independent contractions in NLR gene number and diversity
among monocots and eudicots and discovered that the EDS1/
PAD4 pathway was convergently lost in at least five species. We
further analyzed components of plant disease resistance path-
ways and used gene family clustering methods to identify new
genes following the same evolutionary pattern. Our analyses
predicted new candidates that coevolved with the EDS1/PAD4
signaling pathway and provide further support for links between
plant immunity and drought response.

RESULTS

Several Lineages of Flowering Plants Have Lost Most of the
NLR Clades Present in their Common Ancestor

The NLR gene family is complex, with copy numbers varying 30-fold
among species of the same family, such as from 33 in resurrection
grass (Oropetium thomaeum) to over 1000 in T. aestivum in Poaceae
(Supplemental Figure 1; Supplemental Table 1; Baggs et al., 2017;
Steuernagel et al., 2020). Due to the historical bias in genome se-
quencing in favor of economically important or model species, most
previous studies focused on the Brassicaceae, Solanaceae, and
Poaceae families (Sarris et al., 2016; Stam et al., 2019; Van de Weyer
et al.,, 2019). We surveyed NLR gene copy number variation in 95
publicly available angiosperm genomes spanning 24 orders (Figure 1A;
Supplemental Figure 1; Supplemental Table 1). Although most of the
sequenced plant genomes contain 200-500 NLRs (Figure 1A), there
have been extreme losses and expansions in the NLR gene family
among both monocots and eudicots (Supplemental Figure 1;
Supplemental Table 1). We decided to further investigate plant ge-
nomes that have convergently lost the majority of their NLR genes.

For further analyses, we selected 18 species to represent
a broad range of families and include sister species with highly
divergent NLR gene copy number and high-quality genome as-
semblies (Figure 1B). We considered an NLR gene number to be
low if it was below the first quartile: 217 NLR genes for monocots
and 129 NLR genes for eudicots. To test if the observed reduction
of NLR gene numbers was due to incomplete annotations, we
mined the genomic sequences using NLR-Annotator (Steuernagel
et al., 2020). This software predicts NLRs from motifs present
in six-frame translations of the DNA sequence and is therefore
independent of protein annotation (Supplemental Table 2;
Steuernagel et al., 2015, 2020). Results from the NLR-Annotator
analysis confirmed the reduced NLR gene numbers in eel grass
(Zostera marina), greater duckweed (Spirodela polyrhiza), orchid
(Phalaenopsis equestris), O. thomaeum, maize (Zea mays), pine-
apple (Ananas comosus), humped bladderwort (Utricularia gibba),
and corkscrew plant (Genlisea aurea; Supplemental Table 2). The
results show the low NLR gene number was consistent across the
genome and proteome.

To examine gains and losses of NLR genes along the evolution
of different lineages, we built a maximum likelihood phylogeny on
the NB-ARC domain of all NLRs retaining 6 key functional motifs
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Figure 1. Phylogenetic Relationship and NLR Repertoires of the Plant Species Used in This Study.
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(A) Boxplot showing the variation in number of NB-ARC domains across Amborellales (n = 1), monocot (n = 42), and eudicot (n = 60) genomes available on

Phytozome, Ensembl Plants or CoGe.

(B) Histogram of numbers of NB-ARC domains identified in angiosperm genomes.
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Figure 2. Maximum likelihood phylogeny of NLRs in the 18 representative plant species and selected reference NLRs. The maximum likelihood tree is based
on the alignment of the NB-ARC domains of the 18 representative species of A. trichopoda, Z. marina, S. polyrhiza, E. guineensis, A. comosus, P. equestris,
O. thomaeum, Z. mays, O. sativa, A. thaliana, A. coerulea, N. nucifera, A. hypochondriacus, S. lycopersicum, F. excelsior, E. guttata, U. gibba, and G. aurea.
Bootstraps >80 are indicated by a red dot; branch colors denote species. Clades as defined by bootstrap >80; TNLs and RNLs are within the blue and red

sections, respectively. Inlayed sub-trees provide a zoom-in to the TNL, RNL,

and CNL clades, where colored branches are indicative of Z. marina, S.

polyrhiza, and G. aurea. Sub-tree within gray box is an example of a CNL expansion present in S. polyrhiza.

(Walker A, RNBS-A, WALKER-B, RNBS-C, GLPL and RNBS-D;
Figure 2; Supplemental Files 1 and 2; Tameling et al., 2006; van
Ooijenetal.,2008; Wang et al., 2015; Wen et al., 2017). We applied
tree reconciliation between the species tree and the NLR gene

tree to quantify NLR gains and losses across the phylogeny
(Figure 1C). We observed a high turnover of NLR genes across
the phylogeny, with large expansions in specific lineages: rice
(Oryza sativa), oil palm (Elaeis guineensis), Colorado blue

Figure 1. (continued).

(C) Species tree of monocot and eudicot genomes of interest. Number of NLRs with all 6 characteristic NLR amino-acid motifs annotated in each species are
displayed in line with the species Latin name. Number of NLRs identified by PflamScan and the plant_rgenes pipeline are in parentheses. Black/red numbers

on branches indicate the number of gained/lost NLRs.
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columbine (Aquilegia coerulea), Arabidopsis, tomato (Solanum
lycopersicum), and monkey flower (Erythranthe guttata), as well as
extensive losses such as in the ancestral lineage of Z. mays and O.
thomaeum as well as U. gibba and G. aurea.

Although some of the plants with a low number of NLR genes
retained all major NLR sub-clades (CNL, TNL, RNL), others did not.
ADR1-type RNLs are typically present in all monocots and eudicots;
however, we observed no identifiable RNLs in S. polyrhiza, Z. marina,
U. gibba, or G. aurea and confirmed our phylogenetic analyses by
reciprocal BLAST. The NRG1-type RNLs were absent in all mon-
ocots in our analysis, as well as in eudicots that have also lost TNLs:
E. guttata, consistent with (Kim et al., 2012), U. gibba, and G. aurea
(Supplemental Figure 2). We confirmed that NRG1 was present in all
species with TNL expansions (Figure 2), consistent with genetic
dependence of TNLs on NRG1 for signaling (Castel et al., 2018; Qi
etal., 2018; Lapin etal., 2019; Wu et al., 2019). In addition, no NRG1
ortholog could be identified through phylogeny or reciprocal BLAST
in Amborella trichopoda and Amaranthus hypochondriacus that
have 14 and 2 TNLs, respectively. A single clade (bootstrap = 65)
contains 10 A. trichopoda and 1 A. hypochondriacus TNLs, sug-
gesting that NLRs in this clade might function independently of
NRGT1. Overall conservation of the RNL clade in monocots,
eudicots, and A. trichopoda suggests that the absence of RNLs
in S. polyrhiza, Z. marina, U. gibba, and G. aurea represents
convergent clade-specific gene loss events.

Despite the loss of many NLR genes, those retained in S.
polyrhiza, Z. marina, and U. gibba have undergone recent lineage-
specific expansions (Figure 2). In these species 88%, 84%, and
100% of NLR genes are present in monophyletic species-specific
clades (bootstrap support >80). Several S. polyrhiza and Z. marina
NLR genes arose from recent tandem duplications as indicated by
their consecutive gene identifiers (Figure 2). This suggests that
despite overall gene loss, both species have likely experienced
selective pressure to expand the remaining NLR clades.

To test if a general reduction in large protein families was re-
sponsible for the loss of RNLs, we annotated receptors belonging
to the Receptor-Like Kinase family (RLKs) and actin proteins.
RLKs are an MTI immune receptor family known to be highly
variable in copy number similar to NLRs, whereas actin proteins
are less variable in copy number. The reduction of RLKs compared
to sister lineages was not as pronounced as with NLRs, with the
exception of G. aurea (Supplemental Table 2). The percentage
of actin-encoding genes in the proteome was similar between
species lacking RNLs and their closest related species (Supplemental
Table 2). This suggests that the reduction in the copy number and
the loss of NLR subclades cannot be explained by the general con-
traction of large protein families.

Independent Loss of Immune Signaling Components
EDS1/PAD4/SAG101 among Angiosperm Lineages

The simultaneous loss of genes encoding RNLs and TNLs
prompted us to survey for the presence of otherimmune signaling
components. In total, we surveyed for the presence of 15 known
immune signaling components using reciprocal blastp followed
by tblastn to remove false negatives due to incomplete annotation
(Figure 3; Supplemental Figure 3; Supplemental Tables 3 and 4).
Several of the surveyed genes, including RPM1 INTERACTING
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PROTEIN 4 (RIN4), MAP KINASE 4 (MPK4), ISOCHORISMATE
SYNTHASE 1 (ICS1), METACASPASE 4/ 5 (MCP4/5), and RE-
QUIRED FOR MLA12 RESISTANCE 1 (RART1), were conserved
across all 18 monocots and eudicots (Supplemental Table 4). The
SA biosynthetic gene ICS71 and the SA receptor family of NPR
genes were present in all species except U. gibba (Supplemental
Table 4). This suggests that the SA biosynthesis and signaling
pathways remain intact in most species.

In contrast, we observed the loss of EDS1/PAD4/SAG101 and
NDR1 among species without RNLs and TNLs (Figure 3). To de-
termine how prevalent the loss of EDS 1, PAD4,SAG101, RNLs, and
NDR1 is among angiosperms, we repeated the reciprocal blastp
followed by TBLASTN on the 95 available genomes used in our
initial survey (Figure 3; Supplemental Table 4). We then manually
curated orthology using EnsemblPlant gene trees or Phytozome
synteny, where available. This identified asparagus (Asparagus
officinalis) as the only other angiosperm with a sequenced genome
that is missing EDS1, PAD4,SAG101, NDR1, and RNLs. Therefore,
thelossof EDS1,PAD4,SAG101,and RNLs appearsto be limited to
a few species with a low number of NLR genes.

To confirm that the inferred absence of these genes is not an
annotation artifact, we scanned the low-NLR number genomes of
S. polyrhiza, Z. marina, U. gibba, G. aurea, and A. officinalis for the
presence of a lipase motif found in EDS1/PAD4/SAG101 using the
Hidden Markov Model of this characteristic feature. Additional
searches with TBLASTN and hmmsearch confirmed the loss of
EDS1, PAD4, and SAG101 (Supplemental Figure 4). RNLs, EDS1
and PAD4 are known to interact in a protein complex and our data
suggests that they also form an evolutionary unit.

Recentresearch supportstheideathat geneloss events areless
likely to be annotation artifacts if they are clade-specific losses
rather than losses in a single species (Deutekom et al., 2019).
Therefore, we expanded our gene loss analyses to an orthogonal
data set of the 1000-plant transcriptomes (Matasci et al., 2014;
Wickett et al., 2014; One Thousand Plant Transcriptomes Initia-
tive, 2019). Generally, most species in the early monocot lineages
Magnoliales, Piperales, and Laurales as well as Pandales and
Dioscoreales had transcripts orthologous to EDS1, PAD4, RNL
genes, and NDR1 (Supplemental Figure 5; Supplemental Table 5).
This suggests that EDS7, PAD4, RNL genes, and NDR1 were
present in the most recent common ancestor of monocots. EDS1,
PAD4, RNL genes, and NDR1 transcripts were absent among
multiple species in the orders of Piperales, Alismatales, Aspar-
agales, and Liliales, supporting our finding that these components
were lost in Alismatales (S. polyrhiza and Z. marina) and Aspar-
agales (A. officinalis). Without complete genomes we cannot
exclude the possibility that these genes were not expressed in the
tissue or at the time samples were taken for the transcriptomics
analysis. S. polyrhiza and Z. marina belong to the Araceae and
Zosteraceae families, respectively. Since EDS7, PAD4, RNL
genes and NDR1 are present in the transcriptome of at least one
other member of the Araceae (Pistia stratiotes), we concluded that
these genes were lost independently in Z. marina and S. polyrhiza.

In order to date the loss of EDS71, PAD4, RNL genes, and NDR1
in eudicots, we interrogated transcriptomes of species within the
Lamiales order, including G. aurea and U. gibba. Only 4 of 48
available transcriptomes from the Lamiales did not have tran-
scripts corresponding to EDS1, PAD4, SAG101, RNL genes, or


http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1

2164 The Plant Cell

Porphyra umbilicalis
|—|: Chondrus crispus

|—|: Botryococcus braunii
Chromochloris zofingiensis

— Sphagnum fallax

L— Physcomitrella patens’ﬁ“
laginell: orffii

P
[ Nelumbo nucifera

L— Aquilegia coerulea
— Kalanchoe laxiflora

L Kalanchoe fedtschenkoi

Vitis vinifera

Linum usit

Salix purpurea
Populus trichocarpa
Ricinus communis
Manihot esculenta
Cucumis sativus
Fragaria vesca
Prunus persica
Malus domestica
Trifolium pratense
Medicago truncatula
Phaseolus vulgaris
Glycine max

Vigna radiata

V/gna angularis

grandis

C/trus c/ementma
Cltrus smens:s
orch

raimondii
Theobmma cacao
Carica papaya
Boechera stricta
Capsella grandiflora
Capsella rubella
-Arabidopsis halleri
-Arabidopsis lyrata
-Arabidopsis thaliana
-Eutrema salsugineum
Brassica oleracea
Brassica napus
Brassica rapa

Bera vulgarls
Chenopodmm quinoa

-Actinidia chinesis
Fraxinus excelsior
Olea europaea

-Solanum lycopersicum
Daucus carota
Lactuca sativa
Helianthus-annuus
Spirodela polyrhiza
Zostera marina

@ Present BLASTp
@ Present tBLASTn
O Absent

D Partial

-Dioscorea
"Asparagus officinalis
halaenopsis equestris

-Oropetium thomaeum
Miscanthus sinensis
Zea mays

Sorghum bicolor
Panicum hallii var. hallii
Panicum virgatum
Setaria viridis var. viridis
Setaria italica
Brachypodium stacei
Brachypodium distachyon
Hordeum vulgare
Aegilops tauschii
Triticum dicoccoides
Triticum urartu

Triticum aestivum
Oryza barthii

Oryza meridionalis
Oryza glumipatula
Oryza glaberrima
Oryza punctata

Oryza brachyantha
Oryza sativa Indica
Oryza rufipogon

Oryza longistaminata
Leersia perrieri

o
&
o
o
o
o
S
o
S
o
o

00000000

0000000000000000000000000000000000000000000000000000

7.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000040,

0000000000000000000000000000000000 000000000000000000 0000000000000 000000000000000000000000000004,,

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000%,

7

Rhodophyta

Chlorophyta

Bryophyte

Angiosperms

W Proteales

B Ranunculales

I Saxifragales
Vitales
Malpighiales
Cucurbitales
Rosales
Fabales
Myrtales
Sapindales
Malvales
Brassicales
Carophyales
Ericales
Lamiales
Solanales
Apiales
Asterales

|
l Alismatales
[ |

Dioscoreales
Asparagales

Arecales
Zingiberales

Poales

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000+,,

sj00/pn3

S}000UO

Figure 3. Presence/absence analysis of known plant immunity components. Rows denote species, which are arranged as per phylogenetic relationship,
with the green and purple bars indicating monocots, or, respectively, dicots. Gene names are listed at the top. Circles in columns denote the presence or
absence of known components of the NLR signaling pathway. Black filled circles represent orthologs identified by reciprocal blastp. Orthologs supported by
tblastn are indicated by black circles outlined in red. Absent orthologs are displayed by white circles with ared outline, and partial orthologs are shown as gray
circles with a black outline. Orthology was also manually curated using Ensembl Plant gene trees or Phytozome synteny (where available).



Convergent Loss of Plant Immune Signaling Pathways 2165

A PAD4
A. comosus (Pineapple) D)
LG21:9,459, 643 9,637, 411 1 o 001‘5 N N o ° a
q/ q, N oN 9 o\ N AS ) o0
Q,\g‘?p QQ1 6\% Q’L 06\ '\ b‘\V“o 006\ QQ'\Q 6\9 Qd\q’ 0Q01
& >°° R I R S
A. comosus
3 4 2 2 1
2 9 2 8
S. polyrhiza '
A A AN N Q A » ) 42
G P F S F P & &
99 9 38 9F G oS oF o & o
® o & L & P
S. polyrhiza (Duckweed)
Chr4:1777233-1555887
B ADR1
A. comosus (Pineapple)
LG21:617,900-872,896
B
s\ Q © N AN AD > o)
o TG o P SRR
N O J P S & N d
PO PO pO POTpOT pC B c
A. comosus
5 15 13 12 1 1 5 1
S. polyrhiza .y-yD—D%— —DvDva-
o ) > Y 0 0 y
S P P P & ¢ g g
5O ) ) o9 Q o) Q ) Q \) N\
& o & T P P & & P
S ) S S S
S. polyrhiza (Duckweed)
Chr3:2,127,577-1,926,224 Chr3:592,887-642,142
c A. comosus (Pineapple) EDS1
LG02:1,497,039-15,118,128 5
N
00
oY
N @ P VR P N ) U o® 0P L )
RN 0\00 Q¥ Q\Q Q@Q ®°° Q\QQ 0@‘% QQQQ S Q@Q P Q@‘b P
A P S 0‘5 O O S O P o° O oQ
P P pST e p p0% GO p pd p p R p T p T P 3
1 2 1 1
. ol
‘b‘bq"b?’ ‘bq;l/ro%q 06%% Q@Q Sp05g00675 Sp05g00687
Sp05g00676
96‘3669069069 069 P
RN X R U s R
& $° SRS
S S N LS
o o A A" AN
N Q N N Q
R N Hh R
) B » > © ) el
L
XU NP USRI
X N Q,Q ,\Q,Q A9 ,@q R
R R S. polyrhiza (Duckweed) R s R et N R

Figure 4. Syntenic Blocks of Genomic Loci of ASTREL Genes PAD4, ADR1, and EDS1 Between A. comosus and S. polyrhiza.

Genes and their direction are represented as arrows along the loci. Orthologs between A. comosus and S. polyrhiza are indicated by orange lines. Gray
triangles with numbers indicate groups of additional genes not displayed here. The focal gene is highlighted with a red outline. Subplots visualize the
syntenies of the loci of PAD4 (A), ADR1 (B), and EDS1 (C).
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Figure 5. Protein Family Analysis to Identify ASTREL Genes.
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role in immunity
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families present in species with EDS1. Proteins are denoted by different line drawings, colored by species of origin. Phylogenetic trees represent gene trees



NDR1 (Supplemental Figure 6; Supplemental Table 6). Three of
these species were members of the Lentibulariaceae family
(Utricularia spp, Pinguicula caudata, and P. agnata). In contrast,
transcripts for EDS1, PAD4, RNL genes, and NDR1 were found
in the transcriptomes of species in the Bignoniaceae, a closely
related family within the Lamiales (Supplemental Figure 6;
Supplemental Table 6; Schaferhoff et al., 2010; Xu et al., 2019).

The local genomic context of lost genes is important to un-
derstand how and when the genes might have been lost, and we
therefore constructed synteny plots of regions surrounding EDST,
PAD4, and ADR1. Due to the large divergence time of species and
the low contiguity of some of the assemblies, we found little synteny
conservation of regions between Arabidopsis, S. polyrhiza, Z.
marina, G. aurea, or U. gibba (Supplemental Figure 7). Therefore, we
focused on the recent S. polyrhiza chromosome level genome
assembly. We used protein orthology between A. comosus and S.
polyrhiza predicted with GeneSegToFamily (Thanki et al., 2018) and
homologous gene regions identified with SynMap2 (Haug-Baltzell
et al., 2017). We were unable to find a contiguous genomic region
with synteny across EDS1 (Figure 4). However, we could observe
relative conservation of synteny for the homologous regions of
PADA4 (Figure 4) and ADR1 (Figure 4), as the neighboring genes are
found on the same chromosome and in close vicinity in A. comosus.
The reconstruction of homologous regions demonstrated that the
gene loss event in S. polyrhiza was due to deletions affecting single
or a few genes as opposed to large structural variations.

Orthogroup Analysis of Protein Families Provides a Global
View of Genes Lost Alongside EDS1/PAD4

The convergent loss of EDS1/PAD4 and EDS1-dependent NLRs
led us to hypothesize that other, as of yet unknown components of
the EDS1-dependent signaling cascade could also have been
convergently lost. To test this, we analyzed the 18 plant pro-
teomes, which we surveyed earlier, with outgroups Selaginella
moellendorffii and A. trichopoda (Figure 5). We performed two
analyses, OrthoMCL (Li et al., 2003) and GeneSeqToFamily
(Thanki et al., 2018), to cluster proteomes into orthogroups and
examine gene loss patterns.

By combining the monocot and eudicot OrthoMCL analyses,
we identified 17 Arabidopsis genes that lacked orthologous
groups in the four species that lost EDS1, PAD4, and RNL genes
(S. polyrhiza,Z. marina, G. aurea, and U. gibba) but had orthologs in
the other 13 species. The GeneSeqToFamily analysis identified 31
Arabidopsis genes from 10 orthogroups that followed the same
evolutionary pattern (Figure 5). Since OrthoMCL and Gene-
SeqToFamily use different algorithms, protein families were split
into groups of different sizes (Li et al., 2003; Thanki et al., 2018).
OrthoMCL usually subdivides genes into smaller families than
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GeneSeqToFamily. The use of programs with different cutoffs for
gene family size enabled us to identify both the losses of single
proteins within large complex families (using OrthoMCL) as well as
losses of all members of a large protein family (using Gene-
SeqgToFamily). Four genes were identified by both pipelines, in-
cluding EDS1 and PAD4, an RNL gene from the ADR1 clade, and
REGULATOR OF CHROMOSOME CONDENSATION 1- LIKE
(RCC1-like). The former three are known to be involved in plant
defense, whereas RCC1-like has not been implicated in defense
responses. We further focused on the 52 genes identified by either
OrthoMCL or GeneSeqToFamily methods (Figure 5; Supplemental
Tables 7 and 8). We termed genes absent only in species lacking EDS 1
as AngioSperm Typically-Retained, EDS1-Lost (ASTREL) genes.

To further consolidate our list, we looked for the presence or
absence of the ASTREL genes in the A. officinalis genome because
itis also missing EDS 1, PAD4, RNL genes, and NDR1. This resulted
in alist of 5 orthogroups that contained 16 Arabidopsis genes, 12 of
which encoded proteins belonging to the EDS1, PAD4, or RNL
families and 4 genes which have not been implicated in effector-
triggered immunity (Table 1; Supplemental Tables 9 and 10).

To investigate whether loss of ASTREL genes might also occur
at an intraspecific scale, we predicted loss-of-function alleles in
candidate genes among 1135 natural accessions of Arabidopsis
(Cutter and Jovelin 2015; 1001 Genomes Consortium, 2016). We
found loss-of-function variants in 36 out of 52 ASTREL genes
(Supplemental Table 11), a proportion which is significantly higher
than in 52 random Arabidopsis genes (X-squared = 9.3, P = 0.
002). This is consistent with the fact that these random genes
include those which serve essential cellular functions, whereas
ASTREL genes have been identified based on their tendency to
experience condition dependent gene loss. The co-occurrence of
loss-of-function across ASTREL genes suggests selection to
maintain at least one copy of paralogous genes. For example, we
observed a significant depletion of genotypes with loss-of-function
alleles in both AT2G19920 and AT2G19910 (Supplemental Ta-
ble 12; X-squared = 181.159188308688, P = 2x10-41). In general,
the frequency of loss-of-function alleles was low (<1%), consistent
with previous reports (Bakker et al., 2008). Although we did observe
amoderate to high frequency (>10%) of loss-of-function variants in
five ASTREL genes (Supplemental Table 11). Genetic redundancies
in Arabidopsis may allow for loss-of-function to occur in genes
which otherwise tend to be lost only together with EDST.

Arabidopsis and O. sativa Homologs of ASTREL Genes Are
Differentially Regulated upon Drought and Biotic Stress

To understand whether ASTREL genes are differentially expressed
during biotic stress or other pathways, we looked for coexpression
patterns. We used Arabidopsis mRNaseq and microarray

Figure 5. (continued).

for each protein. The diagram at the bottom provides the number of Arabidopsis proteins that are absent only in monocots, eudicots, or in all angiosperms

without EDS1.

(B) lllustration of the GeneSeqToFamily method, which uses monocot and eudicot proteomes together to establish gene trees across the angiosperms.
(C) Diagram summarizing the results of the two methods. Genes and numbers marked in red are those subsequently referred to as ASTREL genes.
(D) Schematic of gene clustering followed by blastp and tblastn to filter ASTREL genes for presence or absence in the A. officinalis genome.
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Table 1. High Confidence ASTREL Orthogroups Absent in all 5 Species (S. polyrhiza, Z. marina, U. gibba, G. aurea, and A. officinalis)

Identification
Method

Arabidopsis Gene Names

Within Orthogroup Pfam Domains

Known Role in Immunity

Other Roles

Lipase-like: EDS1.1, EDS1.2, Galaxy group Lipase_3 Downstream signaling of NLRs (Lapin et al., Crosstalk in drought pathway
PAD4, SAG101 16353 2019; Wagner et al., 2013; Cui et al., 2017; Zhu (Chini et al., 2004)
Dicot_5571 EDS1_EP et al., 2011)
Monocot_8566
RNLs: NRG1, NRG1.2, NRG1.3, Galaxy group RPW8, NB- Downstream signaling of NLRs. (Bonardi et al., Initial stomatal closure for
ADR1, ADR1-L1, ADR1-L2, 4516 ARC, LRR 2011; Castel et al., 2018; Qi et al., 2018; Lapin drought tolerance (Chini et al.,
ADR1-L3, RPW8 Dicot_3070 et al,, 2019; Wu et al., 2019) 2004)
Monocot_8024
SDR4 Dicot_3663B adh_short_C2 No N/A
SDR5 Monocot_4965
ASPG2 Dicot_8371 TAXi_N, No N/A
Monocot_7573  TAXi_NC
EDL3 Dicot_10185 F-box_like No Regulator of ABA signaling,

Monocot_9077

osmotic stress-responsive
(Koops et al., 2011).

N/A, not applicable.

perturbation experiments (53, 489) as well as O. sativa RNaseq and
microarray data sets (25, resp. 142) to analyze expression of AS-
TREL orthologs (Supplemental Figures 8 to 11). We identified two
distinct stresses, biotic stress and ABA/drought stress, that dif-
ferentially regulate ASTREL genes expression (Figure 6).

We first analyzed all 52 ASTREL genes in full (Supplemental
Table 7; Supplemental Figure 8; Supplemental File 3) before we
focused on the stringent set of ASTREL genes that were absent in
A. officinalis (Supplemental Figure 9; Supplemental Data Sets 1
and 2; Supplemental File 4). As previously reported, expression
of EDS1 and PAD4 was upregulated stronger in response to bi-
otrophic pathogen infection than necrotrophic pathogen infection
in Arabidopsis (Figure 6A; Falk et al., 1999; Jirage et al., 1999).
Recent work has shown that TNLs have enzymatic activity and can
produce nicotinamide (Horsefield et al., 2019; Wan et al., 2019).
We therefore compared changes in ASTREL gene expression
upon addition of nicotinamide clustered with those of biotrophic
pathogen treatment. The immuninty related genes PAD4 and all
RNLs, except for ADR1-L3 and NRG1.3 (P-value <0.05, Fold
change > 1.5), were found to be upregulated in at least one-time
point upon both nicotinamide and biotrophic pathogen infection.
A subset of the ASTREL genes, EDS7 and SDR4, showed op-
posing expression patterns upon addition of biotrophic patho-
gens and nicotinamide in Arabidopsis. Nicotinamide appears to
have a range of effects on gene expression of ASTREL genes;
however, in general, expression changes are more similar to bi-
otrophic pathogen infection than other stressors.

In addition to the stressors described above, we also investigated
if any other perturbations regulated ASTREL gene expression: we
used hierarchical clustering to identify treatments that caused similar
patterns of expression (Supplemental Figure 9; Supplemental File 4).
We noticed that drought and ABA treatment also resulted in the
differential expression of ASTREL genes in Arabidopsis. Pearson
clustering identified three clades of differentially expressed ASTREL
genes upon drought and ABA response: downregulated (EDST,
PAD4, and RNL genes), upregulated (SDR4 and EDL3), and no
effect on expression (SDR5, ASPG-2, and ADR1-L3).

To test whether the effects of these stresses were specific to
Arabidopsis, we mined available gene expression data for
ASTREL orthologs in O. sativa. Upon Pearson clustering we ob-
served the same pattern of separation of gene expression re-
sponse between pathogen and drought stress (Figure 6B;
Supplemental Figures 10 and 11). However, the differential ex-
pression of genes upon pathogen treatment grouped into different
clades in comparison with Arabidopsis: the genes OsSDR and
OsPAD4 were upregulated highly upon Magnaporthe oryzae
treatment with subtler expression changes upon drought. We also
noted a similar differential expression pattern of OsSDR and
OsPAD4 when subjected to either cold stress or drought. Con-
versely, the OsEDL3.1 clade was consistently upregulated during
drought stress. In contrast to Arabidopsis, OsEDS1 and OsADR1-
L were not upregulated upon pathogen treatment. Altogether, the
expression data suggest that the coexpression of ASTREL genes
can be influenced by biotic and abiotic stress.

DISCUSSION

In this study, we investigated the convergent loss of NLR genes
and the ETI immune signaling pathway across multiple plant
lineages. Using comparative genomics, we identified a set of
genes that was co-lost with the immune signaling genes EDS1/
PAD4. Expression analyses showed that these genes are differ-
entially regulated in the defense and drought response pathways.

High variability in the number of NLR genes between species
has been previously attributed to lineage-specific expansions and
contractions (Kroj et al., 2016; Sarris et al., 2016; Gao et al., 2018;
Van de Weyer et al., 2019). Most plants retain representatives of
major NLR clades including members of the RNL and CNL clades,
and TNLs among eudicots. We identified five species (S. polyrhiza,
Z. marina, A. officinalis, G. aurea, and U. gibba) that lack RNL-type
genes. Although RNLs are thought to be critical for signal
transduction of all TNLs and many CNLs (Bonardi et al., 2011;
Castel etal., 2018; Qietal., 2018; Gantner et al., 2019; Lapin et al.,
2019; Wu et al., 2019), our data suggest that despite their overall


http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1

Nicotinamide (Col-0) (49h) / Untreated (Col-0) (49h)
Nicotinamide (Col-0) (69h) / Untreated (Col-0) (69h)
Nicotinamide (Col-0) (57h) / Untreated (Col-0) (57h)

P. syringae pv. tomato (Col-5) / mock treated (Col-5)

P. syringae pv. maculicola (Col-0) / mock treated (Col-0)

ABA (Col-0) (30 min) / Untreated (Col-0) (30 min)

ABA (Col-0) (1h) / Untreated (Col-0) (1h)

ABA (Col-0) (3h) (Guard cell) / EtOH (Col-0) (3h) (Guard cell)
ABA (Col-0) (3h) / Untreated (Col-0) (3h)
ABA (Col-0) (6h) / Untreated (Col-0) (6h)
ABA (Col-0) (3h) / Untreated (Col-0) (3h)
ABA (Col-0) (20h) / Untreated (Col-0) (20h)

HEE FEENv-c:

@

Convergent Loss of Plant Immune Signaling Pathways 2169

Log2-ratio
-2.5 -1.5 -05 0.0 05 1.5
[E————
Down-regulated Up-regulated
Drought/ABA/salt treatment
Nicotinamide treatment
W Biotrophic pathogen

]
]

25

| | | S

ENEEEEE EEEEN -
BN DNEEN:o

B

Drought seedling (Nipponbare) / Untreated seedling (Nipponbare)
Cold treated seedling (Nipponbare) / Untreated old panicle (Nipponbare)
Drought leaf (Nipponbare) / Untreated leaf (Nipponbare)

Drought old panicle (Nipponbare) / Untreated old panicle (Nipponbare)

M. oryzae (Nipponbare) (4 dpi) / Mock treated (Nipponbare) (4dpi)

M. oryzae (Nipponbare ) (2dpi) / Mock treated (Nipponbare) (2dpi)

M. oryzae (Nipponbare) (6dpi) / Mock treated (Nipponbare) (6dpi)

M. oryzae (Nipponbare) (4 dpi) / Mock treated (Nipponbare) (4dpi)

M. oryzae (Nipponbare) (3 dpi) / Mock treated (Nipponbare) (3dpi)

X. oryzae pv. oryzae (Nipponbare) (BAI3 ) / Mock treated (Nipponbare)
Drought panicle (Nipponbare) / Untreated panicle (Nipponbare)

Salt stressed seedling (Nipponbare) (3hr) / Untreated seedling (Nipponbare)
Dehydrated seedling (Nipponbare) (3h) / Untreated seedling (Nipponbare)
Drought root (DK151) / Untreated root (DK151)

Drought leaf (DK151) / Untreated leaf (DK151)
Drought root (DK151) / Untreated root (DK151)

||
HEEEEE BENoos

CTTR T e
B BHHE BN osrab4
HEE BEEo; /sFc2

B BE EEEos s
HENENEN NN ©o:

y

L] ] R
NN
T T

Figure 6. Differential Gene Expression Analysis of Arabidopsis and O. sativa High Confidence ASTREL Genes Upon Biotic and Abiotic Stress.

(A) Pearson hierarchical clustering of differential gene expression of ASTREL genes from Arabidopsis upon pathogen, ABA, and nicotinamide treatments.
(B) Pearson hierarchical clustering of differential gene expression of ASTREL genes from O. sativa upon pathogen, drought, cold, and salt treatment.

conservation across plant lineages, RNLs are not required for
a minimal plant immune system.

TNL sensors and RNL helpers function together with EDS1/
PAD4/SAG101 proteins to induce immune signaling (Castel
et al., 2018; Qi et al., 2018; Lapin et al., 2019; Wu et al., 2019).
Despite the absence of TNLs, most monocots retain EDS 7 (Chen
et al., 2018), suggesting that it might be required for either CNL
signaling or basal immunity in monocots. In five species, we
identified the convergent loss of EDS1/PAD4 and genes en-
coding other interacting proteins including SAG101 (Zhu et al.,
2011; Wagneretal.,2013; Lapinetal.,2019), NRG1 (Castel et al.,
2018;Qietal.,2018; Lapinetal.,2019; Wuetal.,2019),and ADR1
(Bonardi et al., 2011; Wu et al., 2019). The recurrent loss of both
EDS1/PAD4 and SAG101 in S. polyrhiza, Z. marina, U. gibba, A.
officinalis, and G. aurea is consistent with genetic, biochemical,
and structural studies of EDS1/PAD4/SAG101, which show the

three proteins function in heterodimeric complexes (Wagner
et al., 2013; Lapin et al., 2019).

We observed repeated absence of TNL genes SAG707 and
NDRT1 across many lineages that still retained EDS1/PAD4 and
RNL genes. It has been shown that EDS1/PAD4 and EDS1/
SAG101 can maintain different functions in divergent lineages. In
Solanaceous species, the EDS1/SAG101 heterodimer is required
for NRG1-dependent cell death, whereas in Arabidopsis it is the
EDS1/PAD4 heterodimer that is necessary for cell death (Gantner
et al., 2019; Lapin et al., 2019). Recently, it has also been shown
that PAD4 has domain-specific functions in herbivore resistance
independent of EDS1 (Dongus et al., 2019). Based on the func-
tional and evolutionary data (loss of EDS1/PAD4 occurs only after
SAG101 and NDRT1), we conclude that EDS1/PAD4 represents
a functional unit on their own, and their role can be sub-
functionalized in the presence of additional components. The
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Figure 7. Schematic Model of Hypothetical Relationships Between ASTREL Genes and Known Biotic and Abiotic Stress Pathways in Arabidopsis.

The model is based on literature review and available gene expression of potential interactions of ASTREL genes within the known Arabidopsis biotrophic

pathogen disease resistance genetic pathway.

exact constitution of the EDS1/SAG101 pathway and how it is
differentiated from the EDS1/PAD4 pathway remains unclear
(Gantner et al., 2019; Lapin et al., 2019).

This study demonstrates that comparative phylogenomic
analysis can fill the gaps in our understanding of complex plant
signaling pathways. Work on plant symbiosis has shown that the
ability to form types of symbiosis can be correlated with the
presence and absence of genes that are part of the molecular
pathway of symbiosis formation (Bravo et al., 2016; Griesmann
etal.,2018; van Velzen etal., 2018). Using a similar approach, we
identified other genes that have been lost in species lacking
EDS1, PAD4, and RNL genes, and we named the identified
candidates ASTREL genes.

Coevolved genes often show patterns of conserved coex-
pression (Hansen et al., 2014). Interestingly, differential expres-
sion of ASTREL genes was observed only under a few stress
conditions, including pathogen response, nicotinamide, drought,
salinity, and ABA response. Differential expression of ASTREL
genes upon addition of nicotinamide was strikingly similar to the
response to Pseudomonas syringae infection, consistent with
recent literature implicating nicotinamide in plant immune sig-
naling (Horsefield et al., 2019; Wan et al., 2019). Upon pathogen
stimulus, some ASTREL genes were not differentially expressed;
however, we cannot rule out the possibility that those genes may
nonetheless be involved in disease resistance. We have only
looked at differential expression in a small subset of the possible
combinations of conditions, tissues, and pathogens that can result
in an immune response. However, the clear patterns of differential

expression we identified offer a starting point to characterize the
pathways involving ASTREL genes.

Surprisingly, another perturbation that induced changes in
ASTREL gene expression was drought stress and ABA response.
Drought tolerance can be induced either in an ABA-dependent or
independent manner. Previous work has demonstrated antagonism
between the ABA and SA hormone response with stress prioriti-
zation seemingly playing out at the level of gene expression me-
diated by proteins suchas NPR1 (Ryalsetal., 1997; Cao et al., 1998;
Dingetal.,2016)and PBS3 (Berens et al., 2019). Consistent with the
antagonism data from Arabidopsis (de Torres Zabala et al., 2009;
Moeder et al., 2010; Lievens et al., 2017), a cluster of the ASTREL
genes containing EDS1 and RNL genes is downregulated upon
ABA and upregulated upon pathogen stimulus triggering SA pro-
duction. The same set of genes has previously been shown to
promote drought tolerance in an ABA-independent manner (Chini
et al., 2004). Increased expression of the RNL gene, ADR1, or the
decreased expression of the negative regulator of programmed cell
death LSD1 enhanced drought tolerance in an EDS1/PAD4- and
SA-dependent manner (Chini et al., 2004; Wituszynska et al., 2013;
Szechynska-Hebda et al., 2016). Our analyses support the role of
EDS1/PAD4 in drought stress response and ABA-antagonism.

Our ASTREL candidates might provide further links between
EDS1/PAD4 and the drought stress response. The ASTREL gene
EDL3 encodes for an F-box transcription factor, which is a positive
regulator of an ABA-dependent signaling cascade (Koops et al.,
2011). The loss of EDL3 together with immune signaling com-
ponents suggests that the transcriptional changes might be
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Table 2. Data Sets Used to Investigate Further Changes in Gene Expression under Drought or Pathogen Infection across the 52 (Arabidopsis)

ASTREL, Monocot, and Eudicot Overlapping Genes

Plant Type of Stimulus Experiment Number Reference
Arabidopsis Pathogen AT-00202 (Craigon et al., 2004)
Arabidopsis Pathogen AT-00406 (Craigon et al., 2004)
Rice Pathogen 0S-00057 (Yu et al., 2011)

Rice Pathogen 0S-00045 (Marcel et al., 2010)
Rice Pathogen 0OS-00011 (Haiyan et al., 2012)
Arabidopsis Nicotinamide AT-00398 (Dalchau et al., 2010)
Arabidopsis Drought AT-00110 (Kilian et al., 2007)
Arabidopsis Drought AT-00433 (Pandey et al., 2010)
Arabidopsis Drought AT-00468 (Béhmer and Schroeder, 2011)
Arabidopsis Drought AT-00541 (Kim et al., 2011)
Rice Drought 0OS-00008 (Jain et al., 2007)
Rice Drought 0S-00041 (Wang et al., 2011)
Rice Drought 0S-00224 (Krishnan et al., 2010)

regulated through the EDS1/PAD4 pathway. Although EDS7 and
PAD4 have been reported to be required for P. syringae in-
terference with ABA signaling (Kim et al., 2011), the mechanism of
this inference is largely unknown. Based on our analyses, EDL3
coevolved with EDS1/PAD4 and therefore is a likely candidate for
mediating EDS1/PAD4-dependent ABA crosstalk.

We assembled a working model of how ASTREL genes might fit
in the known plant immunity and drought pathways using data on
known interactions, functional characterizations (Bonardi et al.,
2011; Castel etal., 2018; Cuietal.,2018; Qi et al., 2018; Horsefield
etal.,2019; Lapinetal.,2019; Wanetal.,2019; Wuetal.,2019)and
coexpression analyses (Figure 7; Supplemental Tables 13 and 14).
Due to the homology of ASPG2 to aspartic proteases, we hy-
pothesize it would be part of the initial cascade which we know to
be initiated by TNLs through their NADase activity (Horsefield et al.
, 2019; Wan et al., 2019). This is consistent with its steady gene
expression pattern throughout development that is unchanged
upon infection, suggesting the protein would already be present at
the time of infection. Consistent with the requirement of NRG1 for
TNL signaling, we propose that all members of the RNL clade play
arole in EDS1-dependent NLR signaling. This is supported by our
finding that the RNL clade is absent in the independent groups of
species missing EDS1.

Interestingly, four of the five species we identified to be missing
ASTREL genes were from water-saturated environments ranging
from marine to bog habitats. Previous studies have investigated
the genome content of one or two aquatic plant species and
highlighted gene loss linked to embryogenesis and root de-
velopment in U. gibba (Leushkin et al., 2013), cell wall processes,
and ABA in S. polyrhiza (Wang et al., 2014; Michael et al., 2017),
and defense response, stomata, terpenoid, and hormone path-
ways in Z. marina (Olsen et al., 2016). This invites the question of
whether the adaptation to a water-saturated environment may
place selective pressure on certain signaling pathways including
the immune system. There are, however, several species such as
sacred lotus (Nelumbo nucifera) and O. sativa that, according to
our analysis, have retained EDS1/PAD4 and other signaling
pathway members despite inhabiting water-saturated environ-
ments. Furthermore, controversy surrounds the question of
whether the most recent common ancestor of monocots could

have had an aquatic lifestyle (Du et al., 2016; Givnish et al., 2018). It
is nevertheless tempting to speculate that loss of the RNL and
EDS1 pathway can be a byproduct of the physiological changes
and differing environmental selection pressures associated with
each lifestyle. The transcriptome data suggest that loss of EDS1/
PAD4 might be more frequent in monocots than eudicots and
availability of more genomes could help to determine which en-
vironmental and/or physiological traits influence loss of this
pathway.

Until now, discoveries of components of the plant immune
system have primarily relied upon mutant screens, proteomic
analyses, and differential gene expression analysis. Here, we have
shown a complementary approach to identify potential players
in the plant immune system that can circumvent issues of ge-
netic redundancy by harnessing conservation and independent
transitions in distantly related plant lineages. To achieve durable
disease resistance, NLR genes are often stacked to slow the rate
of breakdown of resistance by fast evolving pathogens. The
downstream signaling components required for stacked NLR
genes are rarely considered but could result in strong selection for
effectors that disrupt downstream signaling if the stacked NLRs
depend on a single helper or signaler. It is also crucial to un-
derstand the conservation of downstream signaling components
to facilitate the successful interspecies transfer of NLR genes. Our
approach has highlighted the conservation of EDS1/PAD4 as
a functional unit and identified other genes that coevolved with
EDS1-mediated immunity.

Four of the species in our analyses have retained and expanded
the few remaining CNL clades, suggesting that they are using
a yet undiscovered signaling pathway. This is consistent with
previous reports of some CNLs, such as RECOGNITION OF
PERONOSPORA PARASITICA 13 (RPP13), that are independent
of all known signaling components (Bittner-Eddy and Beynon,
2001). The SA pathway is conserved in species that have lost
EDS1, PAD4, SAG101, NDR1, and RNL genes, suggesting that it
might fulfill another yet unknown function in defense responses.
Whether the remaining CNLs can induce SA responses and cell death
remains to be tested, although another duckweed Lemna minor,
a close relative of S. polyrhiza, has been shown to induce a reactive
oxygen burst and cell death upon abiotic stress (Wang et al., 2016).
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We propose S. polyrhiza as a new model system to study plant
immunity. It is a rapidly growing, small plant whose reduced ETI
immune system could provide a reduced-complexity background
for investigating plant immune pathways. Our analysis provides
a steppingstone to understanding a minimum plant immune
system independent of EDS1/PAD4 signaling. Additionally, the
discovery of the ASTREL genes has added further evidence of the
complex coevolutionary crosstalk between the plant immune
system and drought tolerance. Future studies could test their
functional roles in immune signaling and further query the in-
terconnection between abiotic and biotic stress pathways.

METHODS

Genomic data sets used in this study

Genome assemblies and annotations were obtained from Phytozome V12
(https://phytozome.jgi.doe.gov/pz/portal.html) for Aquilegia coerulea, Ananas
comosus (v3), Amaranthus hypochondriacus (325_v1.0), Arabidopsis (Arabi-
dopsis thaliana; 167_TAIR9), Amborella trichopoda (291_v1.0), Erythranthe
guttata (256_v2.0), Oryza sativa (v7), Oropetium thomaeum, Solanum lyco-
persicum (390_v2.5), Selaginella moellendorffii (91_v1), Spirodela polyrhiza (v2),
and Zoestera marina (v2.2); from COGE (https://genomevolution.org/coge/) for
Utricularia gibba (29,027); from KEGG for Nelumbo nucifera (4432) and Elaeis
guineensis (TO3921); from NCBI for Phalaenopsis equestrius (PRINA382149);
from Ash Tree Genomes (http://www.ashgenome.org/data) for ash (Fraxinus
excelsior; BATG-0.5); from Ensembl for yam (Dioscorea rotundata; TDr36_F1_
Pseudo_Chromosome_v1.0); and from the Maize genome database (https://
www.maizegdb.org/) for Zea mays (AGPv4). The BUSCO scores were cal-
culated using BUSCO (v1.22) to compare proteomes to the embryophyta_
odb9 BUSCO lineage (Supplemental Table 15; Simao et al., 2015).

Annotation, Alignment, and Phylogenetic Analysis of NLRs

To annotate NLRs in plant proteomes, we used the updated version of the NLR-
ID pipeline (ASTREL_v1_2019_10.1101.572560; https:/github.com/krasileva-
group/plant_rgenes/; Sarris et al., 2016) together with the NLR-Parserand NLR-
Annotator tools (Steuemnagel et al., 2020) which are based on MEME suite
(Bailey et al., 2006). Annotations were combined into a nonredundant list of
putative NLRs. Multiple transcripts from the same locus are represented by the
longest transcript. In addition, a series of characterized NLRs were added.
Proteins were aligned to the NB-ARC1_ARC2 HMM (Bailey et al., 2018) of the
NB-ARC domain with hmmalign (HMMERS.0; Wheeler and Eddy, 2013). The
alignment was trimmed to the NB-ARC domain region using Belvu (Barson and
Griffiths, 2016), and columns and sequences with over 80% gaps were re-
moved. The NB-ARC domain of the remaining NLRs was then manually curated
in Jalview (Waterhouse et al., 2009), allowing no more than two consecutive
characteristic NB-ARC domain motifs (Walker A, RNBS-A, WALKER-B, RNBS-
C, GLPL, RNBS-D) to be absent (i.e., across the length of the motif). A
maximume-likelihood phylogenetic tree was constructed using RAXML-MPI (v.
8.2.9; Stamatakis, 2014) with parameters set as -fa -x 1123 -p 2341 -# 100 -m
PROTCATJTT. Tree visualization and annotation using iTOL are available at
http://itol.embl.de/shared/erin_baggs (Stolzer et al., 2012), with the tree rooted
at the split between TNL and CNL type NLRs as they have been characterized
as having distinct evolutionary histories (Tamborski and Krasileva, 2020).

Ortholog Identification

To identify orthologs of specific genes of interest, we used reciprocal BLAST
searches using blastp with parameters -max_target_seqs 1 -evalue 1e-10
(BLAST+ 2.2.28.mt; Camacho et al., 2009). If upon reciprocal BLAST, a ho-
mologous gene was not identified, we used Ensembl Plants gene trees to check

for recent duplication events in the Arabidopsis lineage and to confirm our
results. The presence of EDS1 in O. thomaeum was validated using RNaseq data
(BioProject SRS957807) mapped onto the Oropetium V1 Bio_nano genome
assembly (http://www.oropetium.org/resources; VanBuren et al., 2018, 2015)
using HISAT2 (Kim et al., 2015). Bam files were processed using SAMtools-1.7
(Lietal.,2009) and results visualized using IGB (Nicol et al., 2009). The absence of
EDS1 was validated by running hmmsearch to search the proteomes of Ara-
bidopsis, S. polyrhiza, and Z. marina for the presence of the Lipase 3 domain,
which is characteristic of EDS1. Proteins containing the domain were then
aligned against the Pfam Lipase 3 HMM with hmmalign. The alignment was
manually curated in Belvu (Barson and Griffiths, 2016) before processing with
RAXML as above and rooting on the longest internal branch length.

To identify orthologous gene groups, OrthoMCL (v2.0.9; Li et al., 2003)
was used as previously described by Johnson et al. (2018). Due to large
computational requirements, we ran OrthoMCL separately for monocots (Z.
marina, S. polyrhiza, P. equestris, D. rotundata, E. guineesis, O. thomaeum, O.
sativa, and Z. mays) and eudicots (A. coerulea, N. nucifera, Arabidopsis, A.
hypochondriacus, S. lycopersicum, F. excelsior, E. guttata, G. aurea, and U.
gibba), both with the outgroups S. moellendorffiiand A. trichopoda. We overlaid
monocot analyses with eudicot orthogroups by mapping the monocot gene IDs
to the Arabidopsis homologs using reciprocal blastp (e-value cutoff 1e-10).
Additionally, we processed all 19 genomes with the GeneSegToFamily pipeline
(Thanki et al., 2018). We then identified orthogroups lost in aquatic species (S.
polyrhiza, Z. marina, U. gibba, and G. aurea) but retained in all terrestrial species
of the same monocot/eudicot clade. We cannot preclude the possibility that
some gene families that have been convergently lost in aquatic species have not
also been lost independently in some of the terrestrial lineages. After grouping
and manual curation, gene families for which pan-species evolutionary history
had been previously established were compared to gene families in our or-
thogroups. Since homologs in S. moellendorffii and A. trichopoda are rare due
to large phylogenetic distance, we excluded these species from further anal-
yses. We additionally excluded A. coerulea and D. rotundata as their anno-
tations contain large amounts of erroneous gene fusions. For comparison of
OrthoMCL gene families retained between monocots and eudicots, we used
Arabidopsis and O. sativa proteins as representative genome members and
cross-referenced them using blastp reciprocal search (e-value cutoff 1e-10).
The validity of this approach was checked on random protein families using
Plant Ensembl trees (http:/plants.ensembl.org). The O. sativa gene IDs were
converted between Phytozome and Plant Ensembl using the Plant Ensembl
conversion tool (Sakai et al., 2013).

Pairwise Synteny Analysis

We used the GeneSeqgToFamily pipeline (Thanki et al., 2018) to identify
orthologs between A. comosus and S. polyrhiza. This allowed us to map the
locations of the orthologous genesimmediately up- and downstream of the
ASTREL genes in A. comosus to the S. polyrhiza genome. Based on these
locations, we could identify the syntenic region in S. polyrhiza that cor-
responds to the region containing EDS7, PAD4, and ADR1 in A. comosus.
We processed the genomic sequences up- and downstream of the AS-
TREL genes of interest in A. comosus with SynMap2 (Haug-Baltzell et al.,
2017). This confirmed the presence of microsynteny at the DNA level on
scaffolds of S. polyrhiza Oxford v3 genome equivalent to those identified in
the chromosomal assembly of S. polyrhiza.

Loss-of-Function Variants in Arabidopsis

To investigate whether loss of ASTREL genes might also be occurring at an
intraspecific scale we predicted loss-of-function alleles in candidate genes in
Arabidopsis. To do so, we extracted variants in coding regions in target genes
and 52 random genes from 1135 natural accessions (1001 Genomes Con-
sortium, 2016), converting them into coding region fasta format using g2gtools
(http://churchill-lab.github.io/g2gtools). For each accession and gene, the
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coding region was then translated into its predicted amino acid sequence.
Predicted loss-of-function alleles were defined as amino acid sequence in at
least one gene model with >10% lost due to premature truncation. This
threshold has been applied previously in humans (MacArthur et al. 2012) and
Arabidopsis (Monroe et al. 2018) and is based on observations of enrichment of
protein truncating variants affecting less than 10% of coding regions (Flowers
et al. 2015). This approach allowed us to identify predicted loss-of-function
alleles would otherwise be missed and preclude false positives that would
otherwise be called if relying on variant annotations alone. For example, we
found cases of predicted loss-of-function caused by neighboring single nu-
cleotide polymorphisms, which individually are annotated as synonymous
variants but together produced a premature stop codon. Reciprocally, we
observe instances where the effect of a frameshift mutation or stop codon
inducing single nucleotide polymorphism is ameliorated by neighboring var-
iants that restore the reading frame or produce an amino acid change rather
than stop codon. To test for correlated gene loss-of-function, we performed
Fisher exact tests of independence between genes with at least 1 observed
loss-of-function variant. To evaluate significance of these results, we applied
a Bonferonni correction to P-values to account for multiple tests.

Expression Profiling

The expression analysis for this study was performed and visualized using the
706 O. sativa mRNA samples and 2836 Affymetrix O. sativa genome array
samples available on Genevestigator v7.0.3 (https://genevestigator.com; Hruz
etal.,2008). Arabidopsis RNaseq and Affymetrix ATH1 array (53, resp. 489) and
O. sativa RNaseq and microarray data sets (25, resp. 142) available on Gen-
evestigator v7.0.3 were used to visualize conditions resulting in differential
patterns of gene expression. Microarray data sets used to investigate path-
ogen, drought, nicotinamide, and salt stress are given in Table 2. A list of NCBI
GEO data set identifiers for the data sets used are available in the Supplemental
Data section at (https:/github.com/krasileva-group/ASTREL_NLR). Hierar-
chical clustering using Pearson’s correlation coefficient and optimal leaf or-
dering was applied to identify groups of genes with common expression
patterns, including both the gene expression level and condition perturbation.

Accession Numbers

Allgenomes analyzed in this study are listed in Supplemental Table 1 and were
available from public repositories. All gene expression datasets used in the
study are listed in Table 2. All Arabidopsis gene idenitfiers for plant immune
genes are in Supplemental Table 3, all gene accession numbers that formed
orthogroups in Supplemental Table 7, and gene accessions that passed
ASTREL high confidence filtering in Supplemental Table 10. All scripts used to
analyze data are available from https://github.com/krasileva-group/ASTREL _
NLR. A high-resolution phylogenetic tree of NLRs across 18 species in the
study is available on iToL: http://itol.embl.de/shared/erin_baggs .

Supplemental Data

Supplemental Figure 1. Graph of the number of genes with an NB-
ARC domain across 95 plant species genomes.

Supplemental Figure 2. Maximum likelihood phylogeny based on the
NB-ARC domain of the RNL clade.

Supplemental Figure 3. Table of presence and absence of immunity
associated components when queried by reciprocal BLASTp.

Supplemental Figure 4. Maximum likelihood phylogeny of proteins
with a lipase 3 HMM Motif.

Supplemental Figure 5. Identification of immune gene orthologs in
magnoliids and early diverging monocot species with available
transcriptomes.
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Supplemental Figure 6. Identification of immune gene orthologs in
Lamiales species with available transcriptomes.

Supplemental Figure 7. Conservation of gene order surrounding
EDS1, PAD4 and ADR1-L1 proteins among Arabidopsis, E. guttata, U.
gibba, S. polyrhiza and Z. marina.

Supplemental Figure 8. Heatmap of changes in gene expression of
Arabidopsis ASTREL genes upon available RNaseq conditions.

Supplemental Figure 9. Heatmap of changes in gene expression of
Arabidopsis high confidence ASTREL genes upon available RNaseq
conditions.

Supplemental Figure 10. Heatmap of changes in gene expression of
O. sativa high confidence ASTREL genes upon available RNaseq
conditions.

Supplemental Figure 11. Heatmap of changes in gene expression of
O. sativa high confidence ASTREL genes upon available microarray
conditions.

Supplemental Table 1. Number of NLRs identified from proteomes of
available plant genomes.

Supplemental Table 2. Number of NLR, RLK and Actin proteins
identified in the proteome and number of genome predicted NLRs.

Supplemental Table 3. Arabidopsis gene identifiers and gene names.

Supplemental Table 4. Presence and absence of the immune
pathway genes in available plant genomes.

Supplemental Table 5. Presence and absence of the immune
pathway genes in available monocot transcriptomes.

Supplemental Table 6. Presence and absence of the immune
pathway genes in available dicot transcriptomes.

Supplemental Table 7. Orthogroups and corresponding Arabidopsis
gene identifiers of the ASTREL genes.

Supplemental Table 8. Orthogroups and corresponding O. sativa
gene identifiers of the ASTREL genes.

Supplemental Table 9. Presence absence of the ASTREL or-
thogroups in A. officinalis.

Supplemental Table 10. High confidence ASTREL orthogroups which
are absent in all 5 species without EDS1/PAD4.

Supplemental Table 11. ASTREL genes with loss-of-function (protein
truncating) alleles identified in Arabidopsis populations.

Supplemental Table 12. Fisher exact tests for correlated gene loss
between ASTREL genes. Only pairs where P < 0.05 after correcting for
multiple testing are shown.

Supplemental Table 13. Literature implicating ASTREL genes in ABA
and drought response.

Supplemental Table 14. Literature supporting working model of
ASTREL genes relationship with ABA and immunity.

Supplemental Table 15. BUSCO scores for proteomes used for
OrthoMCL and GeneSeqgToFamily analysis.

Supplemental Data Set 1. Table of ASTREL gene expression RNaseq
perturbations.

Supplemental Data Set 2. Heatmap of changes in gene expression of
Arabidopsis ASTREL genes upon available microarray conditions.

Supplemental File 1. Multiple sequence alignment of NB-ARC
domain containing proteins without curation.

Supplemental File 2. Multiple sequence alignment of NB-ARC
domain containing proteins with curation.


https://genevestigator.com
https://github.com/krasileva-group/ASTREL_NLR
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
https://github.com/krasileva-group/ASTREL_NLR
https://github.com/krasileva-group/ASTREL_NLR
http://itol.embl.de/shared/erin_baggs
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00903/DC1

2174 The Plant Cell

Supplemental File 3. Table of ASTREL gene expression microarray
perturbations.

Supplemental File 4. Heatmap of changes in gene expression of
Arabidopsis high confidence ASTREL genes upon available microarray
conditions.
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