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Effector genes play critical roles in the antagonistic interactions between plants and
pathogens. However, knowledge of mutation mechanisms and evolutionary processes
in effector genes and the contribution of climatic factors to the evolution of effector genes
are fragmented but important in sustainable management of plant diseases and securing
food supply under changing climates. Here, we used a population genetic approach to
explore the evolution of the Avr4 gene in Phytophthora infestans, the causal agent of
potato blight. We found that the Avr4 gene exhibited a high genetic diversity generated
by point mutation and sequence deletion. Frameshifts caused by a single base-pair
deletion at the 194th nucleotide position generate two stop codons, truncating almost
the entire C-terminal, which is important for effector function and R4 recognition in all
sequences. The effector is under natural selection for adaptation supported by comparative
analyses of population differentiation (FST) and isolation-by-distance between Avr4
sequences and simple sequence repeat marker loci. Furthermore, we found that local air
temperature was positively associated with pairwise FST in the Avrd sequences. These
results suggest that the evolution of the effector gene is influenced by local air temperature,
and the C-terminal truncation is one of the main mutation mechanisms in the P, infestans
effector gene to circumvent the immune response of potato plants. The implication of
these results to agricultural and natural sustainability in future climate conditions
is discussed.

Keywords: Phytophthora infestans, effector gene, mutation mechanism, population genomics, protein truncation,
thermal adaptation

INTRODUCTION

Plants, with an array of defense machinery (immunity), are overwhelmed by a diverse group
of pathogens, each deploying with a series of invasive mechanisms (Lamour and Kamoun,
2009; Zhan et al, 2015). The dynamics of these defense and invasive processes takes place in
a co-evolutionary arms race (McDonald and Linde, 2002; Zhan et al., 2014) in which current
defense mechanisms in plants select for novel pathogen’s invasive systems that reduce the
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efficacy of existing defenses and trigger the emergence of new
defense (Wu et al., 2016). This model of host-pathogen interaction
was elucidated more than 70 years ago (Flor, 1942), but its
molecular basis has been poorly understood until the 2000s
(Jones and Dangl, 2006; Thrall et al., 2016; Yin et al., 2017).
It involves a group of proteins called effectors that trigger the
plant defense system (hypersensitive response) when they are
detected by receptor proteins produced by host resistant (R)
genes (Hein et al, 2009). In addition to being the binding
targets of resistant receptors, effector proteins also play crucial
roles for the survival, infection, and proliferation of many
pathogens (Van Der Biezen and Jones, 1998; Wang et al., 2015;
Tanaka et al., 2019), such as manipulating cellular procedures
of host plants toward higher susceptibility and constraining
the production of compounds involved in plant immune systems.
For example, the Avr4 protein secreted by Cladosporium fulvum
binds with chitins to protect the pathogen against plant chitinases
(Van Der Biezen and Jones, 1998).

Genomic analysis reveals many effectors exist in plant
pathogens. According to their cellular localizations and pathways
of attacking host plants, these effectors can be divided into
two categories: apoplastic effectors and cytoplasmic effectors.
Apoplastic effectors suppress host immunity by interfering
with plant extracellular compounds such as proteases and
glucanases (Kamoun, 2006; Tian et al., 2007; Schornack et al.,
2009). Cytoplasmic effectors are recognized by plant receptors
such as nucleotide-binding leucine-rich repeat, resulting in
programming host cell death (hypersensitive reaction; Birch
et al., 2009). Some cytoplasmic effectors also play roles in
promoting pathogen colonization, suppressing host basal
resistance, or inducing host plant susceptibility (Kamoun,
2006; Asai and Shirasu, 2015). Due to their importance in
pathogen adaptation to the rapid and constant change of
defense in plant hosts, effector genes are expected to evolve
more rapidly compared with other parts of pathogen genomes.
Many effector genes occupy a long intergenic region surrounded
by gene-sparse and transposon-rich genome (Tyler et al,
2006; Harry et al., 2009). This physical location provides
effector genes a better opportunity to generate mutations.
Indeed, genomic and functional studies have discovered multiple
genetic mechanisms including base substitution, insertion,
deletion, pseudogenization, and transcriptional silencing are
involved in the evolution of effector genes (Shan et al., 2004;
Win et al., 2007; Wang et al., 2019a).

Many factors can affect the population genetic structure
and evolution of pathogen effectors. In addition to genetic
characteristics of associated pathogens, climatic factors such
as temperature may also manipulate the population genetic
dynamics and evolutionary pathway of effector genes. As an
omnipotent force, temperature regulates the population genetic
structure and evolution of effector genes through its impacts
exerting on all aspects of biotic and abiotic activities in nature
such as thermodynamics of nucleotide, genetics, physiology,
survival and reproduction of plants and pathogens, and
interaction of pathogens with their hosts and community. In
the context of global warming, information related to these
temperature impacts is important not only to understand the

evolution of effector genes but also to address social concerns
on future food security, human health, and ecological
sustainability (Veldsquez et al, 2018). Indeed, it has been
documented that temperature can affect genetics and quasi-
genetics of effector genes such as its genetic variation, gene
expression, and competition through which influence efficacy
and durability of plant resistance and food production (Banta
et al., 1998; Martin, 2000; Mboup et al., 2012; Menna et al.,
2015). In the Arabidopsis thaliana-Puccinia striiformis interaction,
plants activate effector-triggered immunity systems at relatively
low temperatures but adopt pattern-triggered immunity systems
at higher temperatures (Cheng et al., 2013). Temperature also
affects the pathogenicity, expression, and/or spatial distribution
of effector genes in pathogens such as Pseudomonas syringae,
Pythium aphanidermatum, Pythium deliense, and Phytophthora
infestans (Martin, 2000; Mboup et al., 2012; Menna et al., 2015).

Oomycete P. infestans (Mont) de Bary causes severe disease
in potatoes and tomatoes (Fry, 2008). It is the major constraining
factor of potato production in many parts of the world, including
China, the largest potato producer on the planet with an annual
yield of 95.5 million tonnes (Faostat, 2017). The annual economic
loss caused by this pathogen in potato alone is ~170 billion
USD globally and with ~40 billion USD from China (Bos
et al., 2003; Wu et al,, 2012). P, infestans can reproduce asexually
and sexually by outcross between two genotypes with comparable
mating types (Al and A2) or selfing of self-fertile genotypes
(Zhu et al, 2016) and is featured by rapid evolution capable
of defeating potato resistance quickly. Its genome consists of
>550 effector genes and has rich repetitive sequences situating
around the effector genes (Haas et al., 2009). A broad spectrum
of effectors in the pathogen belongs to the RxLR class carrying
an N-terminal signal peptide followed by a conserved Arginine-
X-Leucine-Arginine (RxLR)-dEER domain and a C-terminal
usually comprised W-Y-L motifs (Jiang et al., 2008).

In the past two decades, several P. infestans effector genes,
including Avr4 (PITG_07387), have been functionally and
structurally characterized. Avr4 is an RXLR gene consisting of
virulent and avirulent alleles. Its avirulent alleles are translated
into effector proteins recognized by the corresponding R4
protein in potato plants (Van Poppel et al, 2009). The total
length of the wild-type avirulent Avr4 protein has 288 amino
acids (aa) comprising an N-terminal signal peptide followed
by an RxLR-dEER, three W motifs, and a Y-motif (Van Poppel
et al, 2008, 2009). Frameshifts caused by two single-base
deletions (AT and AT'™®) generate truncated proteins that
transfer Avr4 from avirulent to virulent form. Functional analyses
demonstrate that the deletion of the RxLR-dEER domain neither
enhances nor suppresses the elicitor activity of the Avr4 proteins
(Van Poppel et al., 2008). W2 motif is essential for the elicitor
activity of the effector, but the full function of the effector
requires the presence of Y-motif together either with the W1
or W3 domain (Van Poppel et al., 2009).

Effector research has historically focused on molecular and
functional characterization, cellular localization, and signal
transduction (Vleeshouwers et al., 2011; Goritschnig et al.,
2012; Wang et al, 2019b). This research is important to
understand the physical structure of effector proteins and the
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roles of individual domains in regulating pathogen pathogenicity,
host plant immune response, biochemical processes, and cascades
involved in the regulations. Fewer studies have been dedicated
to exploring mutation mechanisms and evolutionary processes
shaping effector genes and/or the contribution of climatic factors
to the evolution by population genetic analysis of their sequence
variation and spatial distribution in the pathogens. Hence, the
specific objectives of the current study were to (i) analyze the
population genetic structure of the Avr4 gene by sequence
analysis of 114 P. infestans isolates originating from several
spatial regions of China varying in thermal condition, (ii)
determine mutation mechanisms creating the genetic variation
of the effector, (iii) determine the relative contribution of natural
selection and genetic drift on the population genetic structure
and evolution of the Avr4 gene, and (iv) infer the role of air
temperature in the local adaptation of effector genes.

MATERIALS AND METHODS

Phytophthora infestans Collection and
Isolation

A total of 114 P, infestans isolates selected from Fujian, Gansu,
Guizhou, Guangxi, Ningxia, and Yunnan collections were included
in the current study (Table 1; Figure 1). The isolates were
derived from potato leaves infected with late blight pathogen
in the six locations during cropping seasons between 2010 and
2012. The leaves in the same location were sampled on the
same day from different plants in the same field. Each leaf
sample was packaged separately in plastic bags and transferred
in an icebox to the laboratory within 24 h for pathogen isolation.
After cleaned by running tap water and sterilized distilled water,
the infected leaves were placed abaxial side up in Petri dishes
filled with 2% water agar and then incubated at 18°C under
dark conditions for 24-48 h to stimulate sporulating. The pathogen
was isolated by peeling off a piece of mycelium from a sporulating
lesion and transferred to a rye B plate amended with 100 pg/
ml ampicillin using an inoculating needle. The isolates were
purified by two to three consecutive transfers of single mycelium
to new plates and stored in a cold room until use. Genotypes
of the isolates were determined by molecular amplification of
simple sequence repeat (SSR) markers (Knapova and Gisi, 2002;

Lees et al, 2006), restriction enzyme-PCR amplification of
mitochondrial haplotypes (Flier et al., 2003), mating type (Zhu
et al, 2015), and partial sequence analysis of b-tubulin, Cox1,
and Avr3a (Cardenas et al, 2011). Detailed information on
pathogen collection, isolation, and genotyping can be found in
our previous publications (Qin et al., 2016).

Avr4 Sequencing

Phytophthora infestans isolates retrieved from long-term storage
were cultured on rye B agar at 18°C under dark conditions
for 2 weeks. Only isolates with distinct genotypes were selected
for sequence analysis of the Avr4 gene. As a result, 114
P infestans isolates with 17-19 isolates from each of the six
populations were included in the sequence analysis of the Avr4
gene (Table 1). Genomic DNAs of the isolates were extracted
from the lyophilized mycelia (~100 mg/isolate) with gDNA
Kit (Pomega Biotch. Co. Ltd., Beijing) following the standard
protocol provided by the manufacturers with some minor
modifications and were amplified by a pair of Avr4 specific
primers (PiAvr4 For: ATGCGTTCGCTTCATTTTGCTGG, and
PiAvr4 Rev. CTAAGATATGGGCCGTCTAGCTTGGAG) as
reported previously (Van Poppel et al., 2008). PCR amplifications
of the Avr4 gene were performed in a 25-pl reaction buffer
composed of a 2.5-ul 10x PCR buffer (MG* free), 2-ul
deoxynucleoside triphosphate (2.5 mmol/L), 1-ul PiAVR4F
(10 pmol/L), 1-ul PiAVR4R (10 pmol/L), 1-pl template DNA,
17.3-pl double-distilled water, and 0.2-pl (5 U/pl) Tag DNA
polymerase (Trans Gene Biotech Co., Ltd., Beijing, China)
using Gene Cycler TM (Bio-Rad). The PCR amplifications were
started by 94°C DNA denaturation for 2 min, followed by
35 cycles of 1 min (amplification) at 95°C, 1-min annealing
at 56°C, and 1.5-min extension at 72°C and ended with a
further 5-min extension at 72°C (Van Poppel et al, 2008).
PCR samples were loaded on gel electrophoresis (1%) and
purified for single direction sequencing as suggested by the
manufacturer (QIA quick® Gel Extraction Kit). The products
were ligated to T5 zero cloning vector and transformed with
Trans1-T1 into Competent cells by the heat-shock process at
42°C for 30 s (pEASY®-T5 Zero Cloning Kit). Three colonies
were randomly picked from each transformation and incubated
in Luria-Bertani liquid media at 37°C overnight under continuous
shaking. One colony was selected and sequenced by Gene

TABLE 1 | Sample size and sequence variation of Avr4 gene in the P, infestans populations collected from six locations in China and their correlation coefficients with

annual mean temperature (AMT) at the collection sites.

Collection site AMT (°C) Number of sequences Polymorphic sites Number of haplotypes Haplotype diversity = Nucleotide diversity
Fujian 20.5 19 11 11 0.912 0.003

Gansu 1.7 20 11 10 0.879 0.002

Guizhou 14.7 19 7 8 0.673 0.002

Guangxi 22.6 17 7 10 0.897 0.003

Ningxia 7.0 19 3 4 0.298 0.001

Yunnan 15.6 20 4 6 0.674 0.001

Pooled 114 19 30 0.808 0.002
Correlation 0.402 (0.43)2 0.718 (0.11) 0.782 (0.07) 0.804 (0.05)

@Correlation coefficient and its corresponding p-value (in parenthesis).
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FIGURE 1 | Geographical locations of collection sites, frequency, and spatial distribution of nucleotide haplotypes in the Avr4 gene of P, infestans sampled from six
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Script Biological Technology Co., Ltd. (Gene Script, Nanjing,
China) using an ABI3730 automated DNA sequencer (Applied
Bio-systems, United States).

Data Analysis

All nucleotide sequences of the Avr4 gene were visually assessed
to remove possible fake “mutations” generated by PCR artifacts
(Zhou et al., 2019). A reference Avr4 sequence (ID: KF188223)
was downloaded from National Center for Biotechnology
Information (NCBI). MUSCLE embedded in the software
MEGAS5 was used to perform the codon-based algorithm
alignment according to the reference sequence, and population
diversity parameters, including variation sites, the number of
haplotypes (h), haplotype diversity (HD), and nucleotide diversity
(m), were estimated (Tamura et al., 2011). Genetic differentiation

(Fsr) in Avr4 between and among different P, infestans populations
was analyzed using Arlequin V3.5 (Excoffier and Lischer, 2010)
and was tested by Hudson’s permutation with 1,000 replicates
(Librado and Rozas, 2009).

SSR data of the 114 isolates were taken from a previous
publication (Wu et al., 2016). POPGENE version 1.32' was
used to calculate SSR differentiation between pairs of the
populations and among the populations according to fixation
index (Fgr). The percentile of the SSR Fg; was generated by
bootstrapping method with 100 replications of the original
data with Resampling 6.20 as reported (Zhan et al,, 2003).
Evolutionary history in the Avr4 gene was evaluated by a
two-tailed t-test by comparing the population differentiations

'http://www.ualberta.ca/~fyeh/popgene_download.html
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between the Avr4 gene and SSR marker loci (Gao et al., 2017).
It is expected that selection for local adaptation will lead to
a significantly higher Avr4 Fg; than SSR Fgr. Lower Fgp in the
Avr4 gene than SSR marker loci will be generated by a global
selection for the same Avr4 mutations over all spatial populations,
whereas a similar level of the two measurements indicates the
neutral evolution of the Avr4 gene (Wu et al., 2016). A median-
joining network was created and displayed to demonstrate the
genetic relationship among the nucleotide haplotypes using
PopArt software.” Isolation by distance was evaluated by
conducting a Pearson correlation analysis (Lawrence and Lin,
1989) between the pairwise Fgr in the Avr4 gene or SSR marker
loci and the geographical distance in kilometers. Similarly, the
impact of air temperature in the collection sites on the nucleotide
variation and its spatial distribution of the Avr4 gene was
evaluated by the Pearson correlation analysis described previously
(Yang et al., 2016). The geographic distance between the
collection sites was calculated using the geographic coordinates
of sites from which the P. infestans populations were sampled.
Annual mean temperature in the collection sites was downloaded
from World Climate’ and was presented as an average over
15-30 years.

RESULTS

Sequence Variation in the Avr4 Gene
The complete Avr4 in the reference sequence (KF188223)
downloaded from NCBI contains 867 nucleotides, which are
translated to a protein with 287 amino acids [excluding start
and stop codons (Figure 2A)]. The Avr4 protein consists of
a signal peptide (SP), a conserved RxLR-dEER domain, three
conserved W domains (W1, W2, and W3), and the Y motif
(Figure 2A). None of the current 114 sequences matches the
reference sequence (KF188223). Nineteen variable sites were
identified in the 114 sequences, generating a total of 30 nucleotide
haplotypes (Figure 2D). A base pair deletion (AT™*) was
detected in all of the 114 sequences, generating two stop codons
to truncate the entire C-terminal of the effector protein starting
from the 93rd amino acid (33 sequences) or 97th amino acid
(81 sequences; Figure 2B). Alignment also showed another
potential stop codon generated by a point mutation in 376th
nucleotide (G376T) that was found in 104 (91%) of the
untranslated parts of the nucleotide sequences (Figure 2C).
The 10 sequences without the point mutation were genetically
closer to the reference downloaded from NCBI (Figure 2B).
Nucleotide diversity in the six populations ranged from
0.001 to 0.003 with a grand mean of 0.002 when sequences
from different populations were pooled together. The highest
nucleotide diversity was found in Fujian and Guangxi populations,
whereas the lowest nucleotide diversity was detected in Ningxia
and Yunnan populations (Table 1). Among the 30 haplotypes,
H6 was detected 47 times and was the most dominant in the
pooled population, followed by H3, which was detected 11

*http://popart.otago.ac.nz
*http://www.worldclimate.com/

times. These two haplotypes were found in all six populations
(Figure 1). H6 was also the dominant haplotype in populations
from Ningxia, Guizhou, and Yunnan with a frequency of 84,
58, and 55%, respectively.

H1, H5, and H12 were detected in a total of nine, seven,
and nine times from four (Fujian, Gansu, Guangxi, and Guizhou),
three (Fujian, Gansu, and Guangxi), and three (Gansu, Ningxia,
and Yunnan) populations and were the dominant haplotypes
in populations from Guangxi, Fujian, and Gansu with a frequency
of 29, 26, and 30%, respectively. Although H17 was detected
three times and H13, H19, H20, and H24 were detected two
times, all of them were private to one of the populations. The
remaining 20 haplotypes were only detected once (Figure 1).
Haplotype diversity in the six populations ranged from 0.298
to 0912 with a grand mean of 0.808 when isolates from
individual populations were pooled (Table 1). The highest
haplotype diversity and richness were found in the Fujian
population, and the lowest haplotype diversity and richness
were found in the Ningxia population. The annual mean
temperature in the sample collection sites was positively associated
with sequence variation in the Avr4 gene but only significant
with nucleotide diversity (Table 1, p = 0.05).

Population Genetic Differentiation in the
Avrd Gene and Neutral Simple Sequence
Repeat Loci

Pairwise Fgr in the Avr4 gene estimated from nucleotide
frequencies ranged from 0.017 to 0.498 with an average of
0.199, and pairwise Fsr in neutral SSR loci ranged from 0.007
to 0.105 with an average of 0.057 (Table 2). Nine pairs of
Fsr in the Avr4 gene were significantly higher than the
corresponding pairwise Fgr in SSR loci. The overall Fgr in the
Avr4 gene was 0.252, which was significantly higher than the
overall Fgr in SSR marker loci (p = 0.001). The difference in
air temperature between collection sites was positively associated
with pairwise Fgr in the Avr4 gene and SSR marker loci, but
only the association with the Fg; in the Avr4 gene was significant
(Figure 3).

Haplotype Network and Isolation by
Distance

A haplotype network was generated from 19 single nucleotide
polymorphic sites of the 30 haplotypes. This analysis revealed
that most of the haplotypes were two to three mutation steps
away from each other. With 10 mutation steps, H10 was
genetically farthest from the dominant H6 (Figure 4). Most
haplotypes within the same population were clustered together.
For example, in the 11 haplotypes detected in Fujian (light
green), H1, H2, H4, H5, and H8-H11 were clustered together
except H3, H6, and H7, and the nine haplotypes in the Guangxi
population (dark green) were clustered together except H23,
which was clustered together with the haplotypes from other
populations. Fujian was the most diverse population in the
samples. It consisted of haplotypes genetically most distant
from each other and from the dominant haplotype H6. For
example, there were 16 mutation steps (farthest) between H7
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FIGURE 2 | Protein structure of R infestans Avr4 effector deduced from the reference sequence and nucleotide structure of the Avr4 gene generated from the
current study: (A) primary protein structure of reference isolate (KF188223) containing a signal peptide (SP), a conserved RxLR-dEER domain, three W (W1, W2,
and W3) motif, and a conserved Y motif; (B) the structure of Avr4 gene with early terminations caused by the 194th nucleotide deletion. The 194th nucleotide
deletion showed by white dashed line with green triangle and the stop codon caused by the 194th nucleotide deletion showed by the black dashed line with a
purple asterisk; (C) structure of Avr4 gene with a potential early termination caused by the 376th point mutation after the 194th nucleotide deletion. The 194th
nucleotide deletion showed by white dashed line with green triangle and the stop codon caused by the 376th point mutation showed by a black dashed line with a
red asterisk; (D) polymorphic sites in the 30 nucleotide haplotypes of the Avr4 gene.

TABLE 2 | Pairwise population differentiation (FST) in SSR marker loci (above
diagonal) and Avr4 gene (below diagonal).

six mutation steps between the two genetically most distant
haplotypes (H3 and H28). The 19 haplotypes were linked by
many reticulation structures (Figure 4). Isolation by distance

Fujian Gansu Guangxi Guizhou Ningxia Yunnan . . . 5

analysis showed that geographic distance was positively and
Fujian - 0.084 0.031 0.089 0.099 0.105 significantly associated with the Fg; in the Avr4 gene (Figure 5A)
Gansu 0.338 - 0.052 0.032 0.029 0.055 but not with the Fg; in the SSR marker loci (Figure 5B).
Guangxi 0.034 0.221 - 0.046 0.059 0.076
Guizhou 0.304 0.045 0.171 - 0.007 0.042
Ningxia 0.498 0.046 0.386 0.059 - 0.049 DI I N
Yunnan 0.447 0.044 0.342 0.033 0.017 - SCUSS 0

Bold font indicates that AVR4 Fgr is greater than SSR Fsr in the pair of P, infestans
populations.

and H10 and 14 mutation steps between H7 and H11. The
genetic distance between H6 and H11 was 10 mutation steps.
On the other hand, Ningxia was the least diverse population.
Only four haplotypes were detected in the population with

According to our best knowledge, this is the first attempt to
understand the population genetic structure, mutation
mechanisms, and evolutionary processes of P. infestans Avr4
gene and its interaction with air temperature using a large
collection of isolates sampled from various ecological niches.
We found a high genetic diversity in the Avr4 gene. A total
of 30 nucleotide haplotypes were observed from the 114
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between collection sites and the pairwise FST: (A) Avr4 gene and (B) SSR
marker loci.

sequences. This level of genetic diversity is comparable with
other effector genes, including Avr3a, Avr2, and AvrSmiral
but higher than other functional genes such as eEF-la, coxl,
and P-tubulin genes of P infestans (Céardenas et al, 2011;
Stefanczyk et al., 2018; Yang et al., 2018; Wang et al., 2020).
This result is consistent with evolutionary theory postulating
that genomes involved in antagonistic interactions such as
effector genes tend to evolve at an increased speed (Stukenbrock
and McDonald, 2009; Karasov et al, 2014; Moller and
Stukenbrock, 2017).

Sequence alignment indicates that base substitution is the
main mechanism creating the sequence polymorphism in the
Avr4 gene (Figure 2). Although 19 SNP sites formed only 30
haplotypes, many of them are separated by more than 10
mutation steps (Figure 4). Although many reticulation structures
were found from the haplotype network analysis, no
recombination event was detected in the gene by any of the
seven algorithms (data not shown) integrated into the RDP4
programs (Martin et al., 2015), suggesting that the reticulation
structures in the Avr4 gene were likely generated by convergent
mutation rather than nucleotide reshuffling among the existing
sequences. In addition to base substitution, the nucleotide
deletion (AT'™) was also detected in the gene. However, two

single-base deletions (AT' and AT') reported previously
(Van Poppel et al., 2008) were not found in the current study,
suggesting spatial heterogeneity in the gene.

The highest sequence variation was found in the P. infestans
population from Fujian but lowest from Ningxia, Guizhou,
and Yunnan. Ningxia, Guizhou, and Yunnan are among the
top potato production regions in China, with >0.6 million
annual hectares in each of the regions, whereas Fujian only
grows ~1/10 acreage of each of the regions. The finding
of the highest genetic variation in the P infestans Avr4
gene from Fujian is unexpected but consistent with previous
results derived from other effector genes (e.g., Avr2 and
AVR3a), phenotypic traits (fungicide resistance and
aggressiveness), and ecological data (e.g., growth rate and
ultraviolet tolerance) of the pathogen (Qin et al., 2016; Yang
et al,, 2018, 2020; Wu et al, 2019, 2020; Lurwanu et al,
2021). Unlike Guizhou, Ningxia, Yunnan, and many other
regions where well-established seed production systems can
ensure the adequate supply for own use, potato in Fujian
relies on imported seeds from other parts of China, increasing
the chance of bringing novel variation into the region and
supporting the theory that anthropogenic activities play a
critical role in facilitating the evolution of plant pathogens
in agricultural systems. Human-mediated gene flow by
commercial trade and research exchange of plant materials
has also been documented in many other pathogens (Meng
et al, 2018). Taken together, these observations indicate
that appropriate quarantine is an essential strategy to reduce
the evolutionary potential of plant pathogens and support
agricultural and ecological sustainability (Zhan et al., 2015;
Burdon and Zhan, 2020).

The wild-type Avr4 protein comprises an SP and RxLR-
dEER domain in N-terminal and 3 W and 1 Y domains in
C-terminal (Figure 2A). The C-terminal, particularly the W2
domain, is essential to elicit host immune response (Van Poppel
et al,, 2009). Frameshifts caused by the single base-pair deletions
in the current (Figure 2) and previous (Van Poppel et al.,
2008) studies generate two premature stop codons, truncating
almost the entire C-terminal of the effector protein starting
from the 92/97 amino acids before the W1 domain. Due to
this fact, it is proposed that Avr4 is a pseudogene (Vleeshouwers
et al, 2011) and, therefore, is expected to be exempt from
natural selection. However, we have several lines of evidence
to argue against the hypothesis: First, we found marginally
but significantly higher F in the Avr4 sequences than Fg; in
SSR neutral markers loci in the majority of pairwise comparisons
(Table 2), suggesting the Avr4 gene is under selection, but
the selection is rather weak (Zhan et al., 2005). Second, isolation-
by-distance analysis reveals no association between pairwise
population differentiation in the neutral SSR marker loci and
physical distance but a significant (but again marginal) association
between pairwise population differentiation in the Avr4 sequences
and physical distance (Figure 5), consistent with the scenarios
that constant gene flow caused by natural or human-mediated
dispersals prevents the pathogen from reaching drift-migration
equilibrium in the neutral genomes but deterministic event
associated with natural selection, although being weak, for
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local adaptation works synergistically with a random event to
facilitate the realization of the equilibrium in the effector gene
(Meng et al., 2018). Third, artificially truncating the C-terminal
of a wild-type Avr4 by molecular manipulation also resulted
in a comparable reaction, i.e., virulent phenotype, with potato
plants carrying the R4 gene (Van Poppel et al, 2008, 2009).
Therefore, we believe that the corresponding R4 protein can
recognize the Avr4 protein encoded by the wild-type sequence,
which has an intact length, whereas the virulent form with
the C-terminal truncation cannot be recognized by R4, as
documented previously (van Poppel et al., 2008). Thus C-terminal
truncation, which happened in all Avr4 sequences sampled in
six distinct geographical locations, is a mutation mechanism
the pathogen equips to circumvent the immune response of
potato plants.

Our results suggest that the Avr4 gene could rapidly evolve
to virulent type by protein truncation. Due to this fact,
we cannot unequivocally distinguish whether the natural
selection inferred by the comparative analyses discussed earlier
of population genetic differentiation and isolate by distance
reflects a current event driven by the deployment of R4 or
the evolutionary past. However, by closely looking at the
sequence characteristic of the genes, particularly the untranslated
parts, we argue that natural selection is likely a current event
driven by the agricultural deployment of the resistance gene
for late blight management. Although early termination was
found, the nucleotide sequences of the current study were
highly similar to the reference sequence downloaded from
NCBI (Figure 2D). Furthermore, wild type with fully translated

protein was detected recently outside China by other laboratories
(e.g., Van Poppel et al, 2008). Intact nucleotide domains
corresponding to Y motif of the wild type exist in most of
the sequences (Figure 2). In addition to deletion, another
potential premature stop codon generated by point mutation
was found in many of the sequences. This was found in 104
(91%) of the untranslated parts of the nucleotide sequences
(Figure 2C). The sequences without the point mutation
(Figure 2B) were genetically closer to the reference than
those with the mutation (Figure 2C). These results suggest
that the AT™* deletion may be a recent event occurring at
a later stage than the point mutation in the nucleotide 376 1,
although both mutations lead to early termination and further
suggest the selection is a recent event. The results also indicate
that early termination to truncate protein is a common
phenomenon in the Avr4 gene and can be induced by multiple
mechanisms of point mutation and/or deletion.

The finding of heterogeneous distribution in the Avr4
sequences is expected to be generated by host selection
associated with the spatial deployment of potato varieties
with different resistance. Indeed, the potato varieties used
over the past decades in China vary tremendously in resistant
backgrounds. Some of these varieties such as Epoka and
Mira and their offspring such as Yunshu 505 and Kexing
No. 2 carry R4, whereas many other varieties carry other
resistant genes such as R3, R8, R9, etc. (Van Poppel et al,
2009; Rietman et al, 2012; Li et al., 2018). In addition,
climatic factors such as air temperature may also contribute
to the heterogeneity. Temperature is one of the most important
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climatic factors critically impacting many evolutionary features
of insects, plants, and microbes, including mutation rate
(Banta et al., 1998; Li et al., 2003; Lovato et al., 2009; Chu
et al., 2018). It has been reported that the mutation rate
was increased under higher temperatures in bacteria and
insects (Berger et al., 2017; Chu et al, 2018), and the
population genetic structure and evolution of many fungal
pathogens were influenced by local air temperature (Stefansson
et al,, 2013). In P. infestans, we previously reported that local
air temperature affects the gene expression (unpublished data),
frequency, pathogenicity, fungicide sensitivity,
intrinsic growth rate, and niche breadth of the pathogen
(Qin et al, 2016; Wu et al, 2016; Yang et al.,, 2016, 2020).
Here, we hypothesize that local air temperature could also
be one of the factors influencing the evolution of effector
genes in P. infestans, as indicated by a marginal but significant
association of annual mean temperature in the collection
sites with nucleotide diversity and/or population differentiation
of Avr2 (Yang et al, 2020), Avr3a (Yang et al., 2018), and
Avr4 (Table 1; Figure 3). Although it is usually difficult to
distinguish “cause” from “effect” by the correlation analysis,
in this particular case, we believe that temperature is the

virulence

cause affecting sequence characters of AVR4, not the other
way. The weak associations between local temperature and
sequence characters of P infestans effectors in the current
and previous studies may attribute to fewer populations
(collection sites) involved. Future studies should cover
populations originating from many locations (>20) varying
in thermal zones or use an experimental evolution approach
(e.g., Wu et al,, 2020) to confirm the finding.

CONCLUSION

Our results provide important insights into the evolutionary
causes and processes of effector genes and host-pathogen
arms race. Together with the previous publications (Yang
et al,, 2018, 2020), our results show that P. infestans has
evolved diverse mechanisms to escape R gene recognition,
ranging from differential transcription and structure
disordering in Avr2 (Gilroy et al., 2011; Yang et al., 2020),
single amino acid change in Avr3a (Yang et al., 2018), and
sequence truncation in Avr4, and similar phenomenon may
exist in other pathogens as well. Furthermore, abiotic factors
such as air temperature may also contribute to the population
dynamics and evolution of effector genes. In practice, host
resistance is an environment-friendly approach to manage
plant diseases, but the rapid evolution of effector genes
empowers plant pathogen propensity to quickly escape host
defense systems, greatly threatening agricultural and ecological
sustainability. To achieve sustainable plant disease management,
adaptive disease management programs based on the principles
of evolutionary ecology (Zhan et al,, 2014, 2015), such as
through spatiotemporal deployment of resistance genes (Zhan
et al.,, 2002; Yang et al,, 2019) and other available pathogen
mitigation arsenals (Karlsson Green et al., 2020), are necessary.
This is particularly important in the current era of climate
change, such as global warming, which not only exerts
eminent and short-term influences on the epidemics of plant
diseases but also produces last, long-term impacts on the
evolution of plant pathogens (Zhan and McDonald, 2011;
Yang et al, 2016; Wu et al,, 2020). Regarding Avr4, the
mutation in this effector has completely rendered the
corresponding R4 in potato, and cultivars with this particular
resistance gene alone are unable to control the late blight
disease effectively.
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