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Abstract

Reactive oxygen species (ROS) signaling plays a central role in plant immune response. BPAs, referred to as binding
partner 1 of accelerated cell death 11 (ACD11) (BPA1) and BPA1-like proteins, regulate ROS-mediated defense
responses in Arabidopsis thaliana. However, their distribution and evolutionary characteristics in the plant lineage
remain unexplored. In this study, we demonstrated that most BPA genes form a plant-specific family with
expansion events observed. We found that BPA and ACD11 genes co-exist in all land plants, suggesting that this
immune regulatory module may originate at the early stage of land plant emergence and contribute to their
colonization. Angiosperm BPAs can be classified into four distinct groups (I-IV) in our analysis. Domain organization
and motif composition are highly conserved within each group but divergent across different groups. In certain
species, BPAs undergo complex alternative splicing, suggesting their regulatory and functional divergence. The
protein-protein interaction network we constructed predicted additional acting partners of BPAs. The yeast two-
hybrid assay revealed 15 BPA interaction pairs forming homo- or hetero-dimers. Taken together, our results provide
the first synopsis of BPA evolutionary pattern and adaptations to green plant colonization.
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Background
Host plants and microbial pathogens are engaged in a
constant evolutionary arms race. To counteract patho-
gen invasion, plants have evolved a two-tier immunity
system (Dangl et al. 2013). In the first tier, pattern
recognition receptors (PRRs) located in the plasma
membrane recognize conserved microbe-associated
molecular patterns (MAMPs), such as bacterial flagel-
lins and oomycete elicitins (Mukhtar et al. 2016). The
recognition leads to MAMP-triggered immunity (MTI),
which is sufficient to halt most pathogens. Some highly
adapted pathogens secrete effector proteins to interfere
with MTI. These effectors can be directly or indirectly
recognized by intracellular nucleotide-binding domain
leucine-rich repeat containing (NLR) receptors, which
constitute the second tier of plant defense known as

effector-triggered immunity (ETI). ETI is a robust re-
sponse that often includes programmed cell death
(PCD) and primers systemic acquired resistance (SAR)
(Cui et al. 2015). Despite their significant differences in
the activation mechanisms, MTI and ETI, however,
share some vital signaling pathways including the burst
of reactive oxygen species (ROS) (Torres et al. 2006).
Initially recognized as toxic by-products of aerobic

metabolism, ROS are now considered as a major class of
signaling molecules in plant immune response (Baxter
et al. 2014; Mittler 2017; Waszczak et al. 2018). The
balance between ROS producing and scavenging deter-
mines the two-faced roles of ROS as either suppressing
or promoting pathogen infection (Waszczak et al. 2018).
Intracellular ROS are generated primarily in chloroplasts,
mitochondria and peroxisomes/glyoxysomes, whereas
plasma membrane localized NADPH oxidases, amine oxi-
dases and cell wall peroxidases are responsible for the gen-
eration of apoplastic ROS (Mignolet-Spruyt et al. 2016).
Major ROS-scavenging enzymes include mitochondrial
oxidase (AOX), catalase (CAT), copper/zinc superoxide
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dismutase 2 (CSD2) and ascorbate peroxidase (APX1)
(Mittler et al. 2004). Besides ROS-producing and scaven-
ging enzymes, several protein regulators essential for
maintaining ROS homeostasis have been identified in
Arabidopsis thaliana (Qi et al. 2017). BOTRYTIS-
INDUCED KINASE 1 (BIK1), which belongs to the
receptor-like cytoplasmic kinase (RLCK) family, interacts
with respiratory burst oxidase homolog protein D
(RBOHD) to enhance extracellular ROS production (Li
et al. 2014). The calcium-dependent protein kinase
CPK28 suppresses RBOHD-mediated ROS production
by interacting with BIK1 to facilitate its turnover
(Monaghan et al. 2014). Interestingly, CPK28 also mod-
ulates vegetative stage transition via tissue-specific bal-
ancing of jasmonic acid (JA) and gibberellic acid (GA)
(Matschi et al. 2015). We recently reported that the
Arabidopsis binding partner 1 of accelerated cell death
11 (ACD11) (BPA1) and BPA1-like homologs are novel
regulators of ROS accumulation and cell death under
biotic stresses (Li et al. 2019).
ACD11 encodes a sphingosine transfer protein

which belongs to the glycolipid transfer protein
(GLTP) superfamily. Its null mutant acd11 exhibits
accelerated PCD and constitutive immune response
activation phenotypes in the absence of pathogen at-
tack (Brodersen et al. 2002; Braun et al. 2011). BPA1
was initially reported to interact with ACD11 in yeast
two-hybrid (Y2H) screen and co-immunoprecipitation
assay (Petersen et al. 2009). Likewise, the six BPA1-
like homologs in Arabidopsis, namely BPL1–6, all
interact with ACD11 (Li et al. 2019). All seven BPAs
negatively regulate plant resistance to Phytophthora
capsici in a functionally redundant manner (Li et al.
2019). Furthermore, BPA1 and BPL2/3/4 can stabilize
ACD11 to suppress ROS production and cell death
(Li et al. 2019). Besides BPAs, the alternative splicing
isoform of a Golgi-located E3 ligase, XBAT35.2, also inter-
acts with ACD11 and promotes its 26S proteasome-
dependent turnover (Liu et al. 2017).
Besides being partners of ACD11 in regulating ROS

production and cell death, BPAs may interact with add-
itional unknown proteins to modulate plant immunity
and other biological processes as well. Their evolution-
ary pattern across green plants is also to be explored.
The increasing availability of sequenced genomes en-
ables us to perform a genome-wide analysis of BPA gene
repertoires across the tree of life. Here we reported key
evolutionary features detected in the BPA gene family
including phylogeny, conserved domains and motifs, and
alternative splicing events. We also predicted additional
interacting proteins and the regulatory network of BPAs.
In particular, we illustrated the interaction map of all
Arabidopsis BPAs. Taken together, our results revealed
the evolutionary pattern of BPAs and provided clues for

further investigation of their functions, interacting part-
ners and regulatory mechanisms.

Results
Most BPAs form a plant-specific gene family
Due to their novelty, BPA genes have been previously
identified only in Arabidopsis. To characterize BPAs
across the tree of life, seven known Arabidopsis homo-
logs (Li et al. 2019) were used as queries to perform
BLASTP and PSI-BLAST searches against the National
Center of Biotechnological Information (NCBI) non-
redundant protein database with an e-value cutoff of 1e-
5. The hit sequences were filtered by the presence of an
RNA recognition motif (RRM_1) domain. A total of
1868 candidate BPA-encoding genes were detected ex-
clusively in two eukaryotic lineages, with 1541 homologs
from green plants and 327 homologs from fungi (Fig. 1
and Additional file 1: Table S1). Specifically, all fungal
candidates belong to the previously reported Vip1 gene
family (Rhind et al. 2011).
Being the only known partner of BPA (Petersen et al.

2009; Li et al. 2019), ACD11 has 630 candidate homo-
logs in two eukaryotic lineages as revealed by our search
using similar criteria. 410 and 220 putative ACD11-
encoding genes were found in green plants and animals,
respectively (Fig. 1 and Additional file 2: Table S2). Des-
pite their wide distributions in the plant kingdom, both
BPA and ACD11 genes are absent in Rhodophyta and
glaucophytes.

Expansion of BPAs in land plants
A total of 160 BPA homologous sequences from 22
plant species were kept after manual curation (Fig. 2
and Additional file 3: Table S3). These BPAs are dis-
tributed in monocots (6 species: 61 sequences), dicots
(12:88), basal angiosperms (1:4), bryophytes (1:5) and
chlorophytes (2:2), with no homologs found in animals.
Regarding protein sizes, most predicted BPAs are similar
to their Arabidopsis homologs (Li et al. 2019) with an
average length of 286 amino acids (Additional file 3: Table
S3). BPA copy numbers vary across plant species, ranging
from 0 in two chlorophytes (Volvox carteri and Chlamy-
domonas reinhardtii) to 18 in wheat (Triticum aestivum).
Every land plant species examined has 4 or more BPA
copies (Fig. 2 and Additional file 3: Table S3). In contrast,
only a single copy of BPA can be detected in two chloro-
phytes and all fungi species examined. These results indi-
cate that BPA gene duplication events likely occurred in
land plants after their divergence from chlorophytes.
Similarly, 35 ACD11 homogeneous sequences were re-

trieved from 27 species (Fig. 2), including animals (7 spe-
cies: 7 sequences), monocots (6:8), dicots (12:17), basal
angiosperms (1:2) and bryophyte (1:1). Interestingly, none
of the fungi or chlorophytes examined harbors ACD11.

Zhang et al. Phytopathology Research             (2020) 2:6 Page 2 of 11



Unlike BPAs, ACD11 gene duplication events can only be
detected in six land plant species. The observation that
BPA and ACD11 genes co-exist in all land plants we
surveyed indicates the establishment of their interaction
in the early stage of land plant emergence.

BPA genes exhibit early divergence in angiosperms
A maximum-likelihood phylogenetic tree was constructed
based on 160 BPA genes from representative species.
Fungal Vip1 genes were included as an outgroup. BPAs in
green plant were clustered into three distinct clades, con-
sistent with their classifications in angiosperm, bryophyte,
or chlorophyte (Fig. 3a). Notably, angiosperm BPAs can be
further split into four groups designated as BPA-I to -IV
(Fig. 3a). BPAs from monocots, dicots and basal angio-
sperms can be found in all four groups, suggesting the ex-
istence of four ancestral BPA paralogs in the most recent
common ancestor (MRCA) of angiosperms. The 5 BPAs
in Amborella trichopoda form a distinct group, indicating
the independent expansion of bryophyte BPAs after their
divergence from angiosperms.
After scanning green plant BPA proteins against the

Pfam database, we found that they all contain an RRM_
1 domain with exception of Bra004270.1 from Brassica

rapa (Fig. 3b and Additional file 4: Table S4).
Bra004270.1 harbors a DUF747 domain with unknown
function (Li et al. 2011). In addition, 10 significantly-
overrepresented (E value <1e-5) novel motifs of 11–50
residues were identified in BPAs using the MEME motif
detection software (Fig. 3b). Motifs 1, 2, 4, 5 and 6 were
present in angiosperms IV and bryophyte group. Motifs
1, 2 and 4 were present in all groups of green plants,
whereas motif 10 was specific to fungi. Motifs 1, 2, 4
and 5 were present in chlorophytes group. Motif 1 cor-
responds to RRM_1 (RNA recognition motif) domain.
It was recently reported that the domain-containing
gene may play a key role in plant immunity (Zhai et al.
2019) while none of other motifs can be found in the
Pfam database. They distribute unevenly in different
clades and angiosperm groups with motif 10 being spe-
cific to fungi. The distribution pattern of these con-
served motifs may reflect the functional divergence of
BPA proteins during green plant evolution.

Alternative splicing may enhance the functional diversity
of BPAs
Besides gene duplication, alternative splicing is another
evolutionary mechanism that increases functional diversity

Fig. 1 The distribution of BPA and ACD11 homologous genes in the tree of life. The left panel depicts eukaryotic phylogenetic relationships
based on the Tree of Life phylogeny (http://tolweb.org/). Lineages with bold fonts indicate the presence of BPA or ACD11 homologs. The right
panel shows the numbers of BPA or ACD11 homologs identified in each lineage
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(Krylov et al. 2003; Reddy et al. 2013), which may be crit-
ical for plant stress responses (Syed et al. 2012; Filichkin
et al. 2015). The occurrence of alternative splicing in BPAs
was inspected in our data set (Fig. 4a). Totally 60 alterna-
tive splicing events that lead to the peptide change from
39 BPA genes were detected in 13 land plants (Fig. 4b),
ranging from 1 to 18 events in each species.
The alternative splicing that leads to the peptide

change of BPAs has five patterns (Fig. 4c). Among the
60 BPA isoforms, 17 proteins lack peptide in the non-
domain region (Patterns No. 1), 20 proteins have supple-
mentary peptide in the non-domain region (No. 2), 5
proteins lack peptide in the domain region (No. 3), 1

protein has supplementary peptide in the domain region
(No. 4), and 17 proteins are truncated with domain
being removed (No. 5). In particular, the RRM_1 domain
is disrupted in the last three alternative splicing patterns.
Patterns No. 1, 2 and 5 are widely distributed across all
land plant clades and groups. Pattern No. 3 is present in
all four angiosperm groups, whereas pattern No. 4 can
only be found in angiosperm BPA-II (Fig. 4a). In
addition, we detected 28 BPA genes undergoing alterna-
tive splicing events that change the UTR region, such as
Arabidopsis BPL5 and BPL6. The alternative splicing
events detected may increase the functional diversity of
BPA isoforms.

Fig. 2 The schematic of species phylogenetic relationships and distribution of BPA and ACD11 homologous genes in different species. The
species tree was generated using the NCBI Taxonomy tool. Classified and total numbers of BPA and ACD11 homologs identified in each species
were listed

Zhang et al. Phytopathology Research             (2020) 2:6 Page 4 of 11



The protein-protein interaction network of Arabidopsis
BPAs
Besides ACD11 (Petersen et al. 2009; Li et al. 2019),
BPAs may have additional interacting partners. The
interaction network of seven Arabidopsis BPAs was gen-
erated using the STRING software (Fig. 5a). A total of
70 candidate proteins potentially interact with five BPAs
(BPA1, BPL1, 3,5 and 6) with no partners being pre-
dicted for the two members left. GO annotation showed
that the interacting candidates participate in a wide
range of developmental, signaling and immune response
processes (Fig. 5b). There are some interesting clues in
the network. For example, BPA1 and BPL1 were pre-
dicted to interact with SUPPRESSOR OF NPR1–1 CON-
STITUTIVE 4 (SNC4), which is an atypical receptor-like
kinase essential for PTI response (Bi et al. 2010; Li et al.
2014). Nine GLYCEROPHOSPHODIESTER PHOSPHO-
DIESTERASE (GDPD) family lipid metabolic proteins,
including SHAVEN 3 (SHV3), SHV3-LIKE (SVL) 1–5

and GDPD4–6, are involved in cell wall organization
and root hair morphogenesis (Hayashi et al. 2008; Cheng
et al. 2011). They are all predicted interactors of BPA1
and BPL1. Furthermore, both BPA1 and BPL1 were also
predicted to interact with METALLOTHIONEIN 1A
(MT1A), which plays an important role in copper
homeostasis and seed development (Benatti et al. 2014).
BPL3’s interacting partners include MITOCHONDRIAL
GRPE 1 (MGE1), a contributor to plant high-temperature
adaptation (Chen et al. 2019). Overall, this predicted inter-
action network greatly expands our future research direc-
tions on BPA functions.
To further investigate the biological roles of these

BPAs, we analyzed the expression of these genes using
the Genevestigator database (Additional file 5: Figure
S1). Generally, the BPAs show expression across all de-
velopmental stages except that BPL5 is not detectable
(Additional file 5: Figure S1a). BPL4 shows the highest
expression level in the first eight developmental stages,

Fig. 3 The phylogenetic relationship of BPAs and their conserved motifs. a The maximum-likelihood phylogenetic tree of BPA sequences from
representative species. Fungal sequences were used as the outgroup (green). Angiosperm BPAs were classified into four clades (I-IV). Red, purple,
orange, aqua green or blue labels indicate proteins from monocots, dicots, basal angiosperms, bryophytes and chlorophytes, respectively. b
Domain structures and conserved motifs in each clade/group. Motifs are distinguished by different colors as shown in the legend. Domain
structures were predicted by scanning against the Pfam database (El-Gebali et al. 2019). Motifs were identified using MEME (Bailey et al. 2009)
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while BPA1 exhibits the highest expression level in the
last two developmental stages. BPA1, BPL3 and BPL6
display up-regulation throughout the entire life at differ-
ent developmental stages, while BPL1, BPL2 and BPL4
display down-regulation. Next, we investigated stress-
responsiveness of BPAs to 13 different abiotic and biotic
stress conditions (Additional file 5: Figure S1b). BPA1,
BPL1 and BPL6 are up-regulated while BPL3 and BPL4
down-regulated under cold treatment. In response to
Pseudomonas syringae infection, BPA1, BPL1, BPL3 and
BPL4 are up-regulated while BPL2 down-regulated.
Notably, among all BPAs, BPL1 was found to be up-
regulated in response to all stresses except heat stress.
Taken together, expressions of BPA genes are tightly
regulated in different development stages and in re-
sponse to biotic and abiotic stresses.

Interactions between Arabidopsis BPAs
The interaction networks predicted indirect interactions
between BPA1, BPL1, 3 and 6 (Fig. 5a). Since some plant
proteins with binding activity often form dimers (Feller
et al. 2011), we performed a Y2H assay to test BPA

interactions in vivo. The result revealed 15 pairs of BPA
homo- and hetero-dimers. Taking the pair of BPA1 and
BPL1 as an example, we conducted a Y2H assay using
BPL1 as bait and BPA1 as individual preys. Our results
showed that BPL1 interacts with BPA1 (Fig. 6a). To con-
firm this association, we cloned BPA1 into the bait vec-
tor pGBKT7, and BPL1 into the prey vector pGADT7
for reciprocal Y2H assay. The result clearly showed that
BPA1 associates with BPL1 in yeast (Fig. 6a). As shown
in Fig. 6a and b, yeast two-hybrid assay showed four
BPAs (BPA1, BPL2, 3 and 6) could form homodimers
(Fig. 6a). Our results also revealed that mutilple hetero-
dimers were formed between BPAs, including five for
BPA1, two for BPL1, three for BPL2, four for BPL3, four
for BPL4, one for BPL5 and three for BPL6. These BPA
dimers may play similar and/or diverse biological roles
via different combinations.

Discussion
BPAs was initially described as a group of genes encod-
ing RRM_1 domain-containing proteins (Petersen et al.
2009). BPA1 and its homologs were recently found to

Fig. 4 Alternative splicing of the plant BPA genes. a Alternative splicing events identified in land plant BPAs. Alternative splicing events were
mapped onto the BPA phylogenetic tree and labeled with their pattern numbers. ①, lacking peptide in the non-domain region; ②, having
supplementary peptide in the non-domain region; ③, lacking peptide in the domain region; ④, having supplementary peptide in the domain
region; ⑤, lacking domain region. b Summary of alternative splicing events in selected species. c Alternative splicing patterns detected in
this study
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regulate plant immunity and ROS via interacting with
ACD11 (Li et al. 2019). In this study, we performed a
genome-wide analysis on BPA gene repertoires in green
plants to infer their evolutionary history and molecular
interactions.
In the present study, BPA copy numbers were system-

ically surveyed in 24 representative plant species, ranging
from chlorophytes to terrestrial higher plants. Our ana-
lysis indicates that BPA genes exist in all land plants as
well as some chlorophytes. BPA-like sequences identified
in fungi were previously reported as Vip1 homologs
(Rhind et al. 2011). Totally, 160 BPA sequences were
identified from the species examined. The number of
BPA genes ranges from 0 in the two chlorophytes (Vol-
vox carteri and Chlamydomonas reinhardtii) to 18 in
wheat (Triticum aestivum). Surprisingly, only 0 or 1 BPA
gene was detected in four chlorophytes and 4 to 18
genes were identified in land plants, strongly suggesting
that BPA genes may have emerged before land plants
and expanded during the evolution of land plant species.
Unlike BPA genes, the number of ACD11 is relatively
conservative in the representative plant species. Notably,

The BPA-ACD11 pair can be found universally and exclu-
sively in land plants, suggesting that this immune regula-
tory module may originate at the early stage of land plant
emergence and contribute to their colonization.
In the phylogenetic tree, BPA genes cluster into angio-

sperm, bryophyte and chlorophyte clades, indicating that
the evolution of BPAs is in accordance with their taxo-
nomic classifications. Angiosperm BPAs can be further
divided into four distinct phylogenetic groups with each
group containing members across monocots, dicots and
basal angiosperms. This finding indicates that angio-
sperm BPAs may originate from four ancestral genes in
their MRCA. We also found that BPA gene duplication
events in angiosperms and bryophytes are independent.
BPA protein domain and motif organization patterns are
highly conserved within groups/clades but more diversi-
fied across them, indicating the functional divergence of
BPAs during land plant evolution. Motif composition in
fungal BPAs is an outlier when compared with those of
the plant groups, which implies that BPA-like proteins
in fungi may also be functionally different from their
plant counterparts. This claim is supported by the

Fig. 5 The protein-protein interaction network of Arabidopsis BPAs. a The protein-protein interaction network of Arabidopsis BPAs. The network
was predicted using STRING (https://string-db.org/). There are 77 protein nodes and 297 protein-protein association edges in the network. Green,
red, and blue lines indicate interactions predicted from gene neighborhood, fusions, and co-occurrence, respectively. Light green, black, and dark
blue lines indicate additional interactions inferred from text mining, co-expression, and protein homology, respectively. b GO annotation of
predicted BPA interacting proteins
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observations that no ACD11 homolog can be found in
fungi and all fungal BPAs belong to the Vip1 family.
More than 60% of plant intron-containing genes may

undergo alternative splicing (Barbazuk et al. 2008; Syed
et al. 2012), and play important roles in modulating
plant development, pathogen response and stress toler-
ance. Regarding BPA genes, 60 alternative splicing
events that lead to the peptide change were identified
from 24% (39 out of 161) plant members, with 23 events
causing the disruption of RRM_1 domain. RRM domain
containing protein has important roles in regulating
plant defense (Zhai et al. 2019), and domain-disrupted
isoforms often exhibit remarkably different functions
when compared with their corresponding normal
proteins (Finet et al. 2013). Therefore, the widespread
occurrence of alternative splicing in plant BPAs may also
increase their functional diversity.
In the protein-protein interaction network we estab-

lished for Arabidopsis BPAs, 70 proteins are interacting
candidates of BPA1, BPL1, 3, 5 and 6. Out of these can-
didates, ACD11 is a demonstrated interactor regulating
ROS and cell death (Li et al. 2019). Other potential
interactors, including SNC4, GDPDs, MT1A and MGE1,
are involved in PTI response (Bi et al. 2010; Li et al. 2014),

root hair development (Hayashi et al. 2008; Cheng et al.
2011), copper homeostasis (Benatti et al. 2014), and
plant heat adaptation (Chen et al. 2019), respectively.
The diverse roles of these BPA-interacting candidates
provide new clues for exploring BPA functions beyond
plant immunity regulator. We also utilized a Genevesti-
gator analysis to gain insight into the expression pro-
files of the BPA genes. We found that most BPAs show
abundant expression across all developmental stages,
suggesting broad roles of BPAs in plant development.
Indeed, we noticed that silencing of BPL4 alone or
BPL1 and BPL4 together in a bpl2 background has a
negative effect on plant growth, while silencing or dele-
tion of single gene has no visible growth phenotypes,
indicating of functional redundancy (Li et al. 2019).
Moreover, the results of the Genevestigator analysis
showed that most BPA genes were predicted to be reg-
ulated by various stresses. In addition, we found that
BPA genes have very diverse expression patterns. For
example, BPL1 is up-regulated when treated with
stresses such as cold, UV-B, ozone, Botrytis cinerea and
Phytophthora infestans, whilst BPL3 is down-regulated.
These results indicate that BPA genes may play import-
ant roles in stress response.

Fig. 6 Physical interactions between Arabidopsis BPAs. a Physical interactions between Arabidopsis BPAs revealed by Y2H assay. Arabidopsis BPA
genes were cloned into the bait vector pGBKT7 (BD) and the prey vector pGADT7 (AD). The combination of BD-53 and AD-T was used as the
positive control. BD-Lam and AD-T combination was used as the negative control. Yeast transformants were grown on selective medium (SD)
lacking Tryptophan (T) and Leucine (L) and selected on SD lacking Tryptophan (T), Leucine (L), Histidine (H) and Adenine (A). Plates were
photographed 3 days after inoculation. b Summary of the interactions. “+” represents interaction. “-” represents no interaction
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Another possible way for BPAs to enhance and/or
expand their functions is to form homo- and hetero- di-
mers within the family. Arabidopsis BPA1 and BPL4 are
known to function redundantly in modulating immunity
against P. capsici (Li et al. 2019). In our study, we found
BPA1 and BPL4 form a heterodimer, which may explain
their functional redundancy. BPL1/2/4 also functions re-
dundantly in modulating plant immunity (Li et al. 2019).
In our observation, only BPL2 and 4 can form a hetero-
dimer, indicating the existence of additional mechanisms
for BPL1/2/4 genetic and/or physical interactions. Over-
all, the 15 dimers identified in our assay imply the bio-
chemical and genetic complexity of BPA interaction and
function network.

Conclusions
In the study, we report the genome-wide analysis of BPA
repertoires across the tree of life. According to our re-
sults, most BPAs are plant-specific and enriched in land
plants. Their sequences exhibit multiple evolutionary
features including early divergence, conserved domain/
motif organization at the clade/group level, and complex
alternative splicing patterns. In Arabidopsis, the pre-
dicted protein-protein interaction network for four BPAs
and the multiple homo−/hetero- BPA dimers identified
indicate their broader roles in plant development, im-
munity and abiotic stress response. Taken together, our
findings for the first time reveal the evolutionary pattern
and interaction map for BPAs, which provide clues for
further investigation of their diverse functions.

Methods
Sequence retrieval and homolog identification of BPAs
and ACD11
Several resources were utilized to build a broad-scale ini-
tial data set. Sequenced genomes and predicted pro-
teomes of 47 species (Additional file 1: Table S1) were
downloaded from Phytozome (version 12.1; http://www.
phytozome.net), Ensembl Genomes (release 97; http://
www.ensembl.org), Joint Genome Institute (JGI) (http://
genome.jgi.doe.gov) or The Arabidopsis Information Re-
source (TAIR) (https://www.arabidopsis.org). The down-
loaded protein sequences were integrated into a local
protein database for homolog identification. When alter-
native splicing isoforms were annotated at the same
locus, the longest one was selected.
BPA and ACD11 homologs were identified in three

steps. Firstly, the protein sequences of Arabidopsis BPAs
(BPA1, BPL1–6) and ACD11 were employed as queries
to perform BLASTP and PSI-BLAST searches against
the NCBI non-redundant protein database (https://www.
ncbi.nlm.nih.gov) with an e-value threshold of 1e-5.
Then the same BLASTP searches were performed
against our local protein database with identical settings.

Finally, sequences obtained from both databases were
verified using NCBI CDD (http://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi), SMART (http://smart.embl-
heidelberg.de), and PFAM (http://pfam.xfam.org/search).
Proteins harboring intact RRM_1 (Pfam accession no.
PF00076) or Glycolipid transfer protein domain (GLTP,
Pfam accession no. PF08718) were identified for subse-
quent analyses.

Evolution analysis
Alignments of full-length protein sequences were per-
formed using MUSCLE v3.8.31 (Edgar 2004) with default
setting. Maximum-likelihood phylogenetic trees were
constructed using IQ-TREE v1.6.8 (Nguyen et al. 2015)
with automatic selection of optimal model for protein
substitution and rate heterogeneity. For tree construc-
tion, the SH-aLRT test and ultrafast bootstrapping
(Hoang et al. 2018) were conducted with 1000 replicates.
FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree)
was used for tree visualization and editing.
Conserved motifs in BPA proteins were identified

using MEME 5.0.5 (Bailey et al. 2009) with motif length
setting at 6–100 amino acids and number limit ≤30.

Identification of alternative splicing events
Alternative splicing analyses were performed as previ-
ously described (Finet et al. 2013). Briefly, alternative
splicing events and the sequences of multiple isoforms
were obtained from Phytozome (version 12.1) or
Ensembl Genomes (release 97). The isoform exhibiting
similar gene structure to that of Arabidopsis was
selected as the canonical pattern, which was used as a
reference for other isoforms to determine the patterns of
alternative splicing. Specifically, the alternative splicing
events were classified into six patterns: ①, lacking pep-
tide in the non-domain region; ②, having supplementary
peptide in the non-domain region; ③, lacking peptide in
the domain region; ④, having supplementary peptide in
the domain region; ⑤, lacking domain region; ⑥, occur-
ring in the UTR region.

Protein-protein interaction network construction
Protein-protein interaction network was constructed
using the STRING database (http://string-db.org) with
default setting. Sources in STRING include experimen-
tally determined interactions, curated databases, and
information of co-expression, fusion, text mining and
co-occurrence (Szklarczyk et al. 2019).

Expression profile analysis
The expression profiles of BPA genes in different devel-
opmental stages, biotic and abiotic stress conditions
were retrieved from the Genevestigator database
(https://genevestigator.com/gv/). For the developmental
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stages, the raw expression values were log2 transformed.
For biotic and abiotic treatments, expression was indi-
cated as fold-change relative to a control treatment.
Heatmap was generated using the HemI software (Deng
et al. 2014).

Yeast two-hybrid (Y2H) assay
Y2H assay was done as previously described (Luban and
Goff 1995). Briefly, BPA1, BPL1, 2, 3, 4, 5 and 6 coding
regions were PCR-amplified by using A. thaliana cDNA
as templates with the reported primers (Li et al. 2019).
PCR was performed in a reaction volume of 50 μL con-
taining 10 μL 5 × PsBuffer, 200 μM each of dNTPs,
0.2 μM primers, 1.25 U of PrimeStar polymerase and 50
ng template DNA. Then the corresponding PCR prod-
ucts were cloned into both pGBKT7-BD and pGADT7-
AD vectors. The Y2H assay was performed using the
Gold Yeast Two-Hybrid System (Clontech). Yeast cells
were co-transformed with the indicated plasmid combina-
tions. Transformed cells were selected using the synthetic
dropout (SD/−Leu/−Trp) medium and transferred to the
SD/−Leu/−Trp/−His/−Ade selective medium for growth
analysis. The BD-53 and AD-T were also co-transformed
as a positive control, while BD-Lam and AD-T were co-
transformed as a negative control. All Y2H experiments
were repeated three times independently.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s42483-020-0046-2.

Additional file 1: Table S1. Distribution of BPA genes across the tree of
life.

Additional file 2: Table S2. Distribution of ACD11 genes across the tree
of life.

Additional file 3: Table S3. List of 176 BPA genes identified in
representative species.

Additional file 4: Table S4. List of 47 genomes surveyed in this study.

Additional file 5: Figure S1. Expression analysis of Arabidopsis BPA
genes under different developmental stages, biotic and abiotic stress. a
GENEVESTIGATOR microarray expression analysis of BPA genes during different
developmental stages of plant growth. b Transcriptional expression changes
of BPA genes under biotic and abiotic stresses using GENEVESTIGATOR.
Expression was indicated as log2 (fold-change) relative to the control.
Heatmap was generated using the HemI software (Deng et al. 2014).

Abbreviations
ACD11: Arabidopsis accelerated cell death 11; BPA1: Binding partner of
ACD11; BPAs: BPA1 and BPA1-like genes; ETI: Effector-triggered immunity;
MTI: MAMP-triggered immunity; PTI: Pattern-triggered immunity; RRM_1: RNA
recognition motif domain; Y2H: Yeast Two-Hybrid

Acknowledgments
Not applicable.

Authors’ contributions
DD conceived and designed the research. XZ collected the data and
completed the bioinformatics analyses. GA, XW and ZY performed the
experiments. DD, XZ and HP wrote the manuscript. All authors read and
approved the final manuscript.

Funding
This research was supported by the China Postdoctoral Science Foundation
(2019 M650039).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Plant Pathology, China Agricultural University, Beijing
100083, China. 2Department of Plant Pathology, Nanjing Agricultural
University, Nanjing 210095, China. 3Department of Crop and Soil Sciences,
Washington State University, Pullman, WA 99164, USA.

Received: 2 December 2019 Accepted: 29 January 2020

References
Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME SUITE:

tools for motif discovery and searching. Nucleic Acids Res. 2009;37:W202–8.
Barbazuk WB, Fu Y, McGinnis KM. Genome-wide analyses of alternative splicing in

plants: opportunities and challenges. Genome Res. 2008;18:1381–92.
Baxter A, Mittler R, Suzuki N. ROS as key players in plant stress signalling. J Exp

Bot. 2014;65:1229–40.
Bi DL, Cheng YT, Li X, Zhang YL. Activation of plant immune responses by a

gain-of-function mutation in an atypical receptor-like kinase. Plant Physiol.
2010;153:1771–9.

Braun P, Carvunis AR, Charloteaux B, Dreze M, Ecker JR, Hill DE, et al. Evidence for
network evolution in an Arabidopsis interactome map. Science. 2011;333:
601–7.

Brodersen P, Petersen M, Pike HM, Olszak B, Skov S, Odum N, et al. Knockout of
Arabidopsis accelerated-cell-death11 encoding a sphingosine transfer protein
causes activation of programmed cell death and defense. Genes Dev. 2002;
16:490–502.

Cheng Y, Zhou W, El Sheery NI, Peters C, Li M, Wang X, et al. Characterization of
the Arabidopsis glycerophosphodiester phosphodiesterase (GDPD) family
reveals a role of the plastid-localized AtGDPD1 in maintaining cellular
phosphate homeostasis under phosphate starvation. Plant J. 2011;66:781–95.

Cui HT, Tsuda K, Parker JE. Effector-triggered immunity: from pathogen
perception to robust defense. Annu Rev Plant Biol. 2015;66:487–511.

Dangl JL, Horvath DM, Staskawicz BJ. Pivoting the plant immune system from
dissection to deployment. Science. 2013;341:746–51.

Deng WK, Wang YB, Liu ZX, Cheng H, Xue Y. HemI: a toolkit for illustrating
heatmaps. PLoS One. 2014;9:e111988.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 2004;32:1792–7.

El-Gebali S, Mistry J, Bateman A, Eddy SR, Luciani A, Potter SC, et al. The Pfam
protein families database in 2019. Nucleic Acids Res. 2019;47:D427–32.

Feller A, Machemer K, Braun EL, Grotewold E. Evolutionary and comparative
analysis of MYB and bHLH plant transcription factors. Plant J. 2011;66:94–116.

Filichkin S, Priest HD, Megraw M, Mockler TC. Alternative splicing in plants:
directing traffic at the crossroads of adaptation and environmental stress.
Curr Opin Plant Biol. 2015;24:125–35.

Finet C, Berne-Dedieu A, Scutt CP, Marletaz F. Evolution of the ARF gene family in
land plants: old domains, new tricks. Mol Biol Evol. 2013;30:45–56.

Hayashi S, Ishii T, Matsunaga T, Tominaga R, Kuromori T, Wada T, et al. The
glycerophosphoryl diester phosphodiesterase-like proteins SHV3 and its
homologs play important roles in cell wall organization. Plant Cell Physiol.
2008;49:1522–35.

Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. UFBoot2: improving
the ultrafast bootstrap approximation. Mol Biol Evol. 2018;35:518–22.

Zhang et al. Phytopathology Research             (2020) 2:6 Page 10 of 11

https://doi.org/10.1186/s42483-020-0046-2
https://doi.org/10.1186/s42483-020-0046-2


Krylov DM, Wolf YI, Rogozin IB, Koonin EV. Gene loss, protein sequence
divergence, gene dispensability, expression level, and interactivity are
correlated in eukaryotic evolution. Genome Res. 2003;13:2229–35.

Li HJ, Xue Y, Jia DJ, Wang T, Shi DQ, Liu J, et al. POD1 regulates pollen tube
guidance in response to micropylar female signaling and acts in early
embryo patterning in Arabidopsis. Plant Cell. 2011;23:3288–302.

Li L, Li M, Yu LP, Zhou ZY, Liang XX, Liu ZX, et al. The FLS2-associated kinase BIK1
directly phosphorylates the nadph oxidase rbohd to control plant immunity.
Cell Host Microbe. 2014;15:329–38.

Li Q, Ai G, Shen D, Zou F, Wang J, Bai T, et al. A Phytophthora capsici effector
targets acd11 binding partners that regulate ROS-mediated defense
response in Arabidopsis. Mol Plant. 2019;12:565–81.

Liu HX, Ravichandran S, Teh OK, Mcvey S, Lilley C, Teresinski HJ, et al. The RING-
type E3 ligase XBAT35.2 is involved in cell death induction and pathogen
response. Plant Physiol. 2017;175:1469–83.

Luban J, Goff SP. The yeast two-hybrid system for studying protein-protein
interactions. Curr Opin Biotechnol. 1995;6:59–64.

Matschi S, Hake K, Herde M, Hause B, Romeis T. The calcium-dependent protein
kinase CPK28 regulates development by inducing growth phase-specific,
spatially restricted alterations in jasmonic acid levels independent of defense
responses in Arabidopsis. Plant Cell. 2015;27:591–606.

Mignolet-Spruyt L, Xu EJ, Idanheimo N, Hoeberichts FA, Muhlenbock P, Brosche
M, et al. Spreading the news: subcellular and organellar reactive oxygen
species production and signalling. J Exp Bot. 2016;67:3831–44.

Mittler R. ROS Are Good. Trends Plant Sci. 2017;22:11–9.
Mittler R, Vanderauwera S, Gollery M, Van Breusegem F. Reactive oxygen gene

network of plants. Trends Plant Sci. 2004;9:490–8.
Monaghan J, Matschi S, Shorinola O, Rovenich H, Matei A, Segonzac C, et al. The

calcium-dependent protein kinase CPK28 buffers plant immunity and
regulates BIK1 turnover. Cell Host Microbe. 2014;16:605–15.

Mukhtar MS, McCormack ME, Argueso CT, Pajerowska-Mukhtar KM. Pathogen
tactics to manipulate plant cell death. Curr Biol. 2016;26:R608–19.

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effective
stochastic algorithm for estimating maximum-likelihood phylogenies. Mol
Biol Evol. 2015;32:268–74.

Petersen NHT, Joensen J, McKinney LV, Brodersen P, Petersen M, Hofius D, et al.
Identification of proteins interacting with Arabidopsis ACD11. J Plant Physiol.
2009;166:661–6.

Qi J, Wang J, Gong Z, Zhou JM. Apoplastic ROS signaling in plant immunity. Curr
Opin Plant Biol. 2017;38:92–100.

Benatti RM, Yookongkaew N, Meetam M, Guo WJ, Punyasuk N, AbuQamar S,
et al. Metallothionein deficiency impacts copper accumulation and
redistribution in leaves and seeds of Arabidopsis. New Phytol. 2014;202:940–
51.

Reddy ASN, Marquez Y, Kalyna M, Barta A. Complexity of the alternative splicing
landscape in plants. Plant Cell. 2013;25:3657–83.

Rhind N, Chen ZH, Yassour M, Thompson DA, Haas BJ, Habib N, et al.
Comparative functional genomics of the fission yeasts. Science. 2011;332:
930–6.

Syed NH, Kalyna M, Marquez Y, Barta A, Brown JWS. Alternative splicing in plants
- coming of age. Trends Plant Sci. 2012;17:616–23.

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING
v11: protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets.
Nucleic Acids Res. 2019;47:D607–D13.

Torres MA, Jones JDG, Dangl JL. Reactive oxygen species signaling in response to
pathogens. Plant Physiol. 2006;141:373–8.

Waszczak C, Carmody M, Kangasjarvi J. Reactive oxygen species in plant
signaling. Annu Rev Plant Biol. 2018;69:209–36.

Zhai KR, Deng YW, Liang D, Tang J, Liu J, Yan BX, et al. RRM transcription factors
interact with NLRs and regulate broad-spectrum blast resistance in rice.
Mol Cell. 2019;74:996–1009.

Chen Z-t, Hung M-J, Yu S-J, Liao T-Y, Lin Y-P, Chen RP-Y, et al. Divergence in
thermostability of Arabidopsis mitochondrial nucleotide exchange factors
encoded by duplicate genes, MGE1 and MGE2. bioRxiv. 2019;553503.

Zhang et al. Phytopathology Research             (2020) 2:6 Page 11 of 11


	Abstract
	Background
	Results
	Most BPAs form a plant-specific gene family
	Expansion of BPAs in land plants
	BPA genes exhibit early divergence in angiosperms
	Alternative splicing may enhance the functional diversity of BPAs
	The protein-protein interaction network of Arabidopsis BPAs
	Interactions between Arabidopsis BPAs

	Discussion
	Conclusions
	Methods
	Sequence retrieval and homolog identification of BPAs and ACD11
	Evolution analysis
	Identification of alternative splicing events
	Protein-protein interaction network construction
	Expression profile analysis
	Yeast two-hybrid (Y2H) assay

	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

