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Abstract

Litchi downy blight, caused by Peronophythora litchii, is one of the most serious diseases in major litchi-producing
regions worldwide. The ankyrin (ANK) repeat is one of the most common protein-protein interaction motifs found

in all kingdoms of life proteins. ANK-containing proteins have been demonstrated to regulate various biological
processes in animals, plants, and fungi. However, their functions in phytopathogenic oomycetes remain unknown.
Here, we identified 284 non-redundant genes that encode ANK-containing proteins in P, fitchii and classified them
into 11 subfamilies. Among them, PIANKT was found to be highly up-regulated in cospores and from zoospores

to the infection process. Loss of PIANKT in P, litchii resulted in impaired mycelial growth and cyst germination, acceler-
ated zoospore encystment, and increased sensitivity to hyperosmotic stresses and Congo red. Furthermore, PIANKT
deletion mutants were defective in oospore formation and development. Inoculation assays showed that the absence
of PIANK1 severely diminished the pathogen’s virulence on litchi leaf and fruit. Through transcriptome analysis

and nitrogen source utilization assays, we demonstrated that PIANKT modulates the pathogen’s nitrogen metabolism.
Altogether, our findings indicate that PIANKT is a key regulator of sexual and asexual development, and virulence in P
litchii.
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Background

With the rapid accumulation of genomic information,
proteins containing repetitive amino acids have drawn
significant attention in the last decade. Among these,
ankyrin (ANK) repeat is a commonly occurring protein
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(Breeden et al. 1987) and named after the discovery of
this sequence in the cytoskeletal protein ankyrin (Lux
et al. 1990). Subsequently, they have been found to be
involved in a wide range of functions, including cell cycle
regulation, cytoskeleton interactions, signal transduction,
and transcriptional control (Al-Khodor et al. 2010; Odon
et al. 2018; Sharma et al. 2020; Kolodziej et al. 2021).

In plants, ANK-containing proteins play a vital role in
multiple processes, such as growth and development,
hormone synthesis, signal transduction, and response
to abiotic and biotic stresses. For instance, overexpres-
sion of MdANK?2B increased resistance to salt stress and
reduced sensitivity to ABA in both transgenic apple calli
and seedlings (Zhang et al. 2021). Besides, it also led to a
decrease in the accumulation of reactive oxygen species
(ROS) by enhancing the activity of antioxidant enzymes
in response to salt stress (Zhang et al. 2021). GmANK114,
which encodes a protein belonging to the ANK-RF sub-
family containing a RING finger (RF) domain in addi-
tion to the ankyrin repeats, confers drought and salt
tolerance in Arabidopsis and soybean (Zhao et al. 2020).
Recently, two ankyrin repeat proteins, YrU1 and Lrl4a,
were found to confer stripe rust and leaf rust resistance
in wheat, respectively (Wang et al. 2020; Kolodziej et al.
2021). ANK-containing proteins have also been identified
in plant-pathogenic fungi, a few of which are involved
in virulence. For instance, TOXE, a transcription fac-
tor consisting of four ankyrin repeats from the maize
pathogen Cochliobolus carbonum, plays a specific regula-
tory role in cyclic peptide production and the virulence
of C. carbonum (Pedley et al. 2001). Fusarium gramine-
arum FgANK1 is required for host-mediated nitric oxide
(NO) production and virulence via interacting with a
zinc finger transcription factor FgZC1 (Ding et al. 2020).
However, the function of ANK-containing proteins in
oomycetes has not been investigated.

Oomycetes are a diverse group of eukaryotic microor-
ganisms with a life cycle and morphologic characteristics
similar to filamentous fungi but are evolutionarily related
to photosynthetic algae (Beakes et al. 2012; Thines et al.
2014). Phytopathogenic oomycetes, such as downy mil-
dew, Phytophthora, Peronophythora, and Pythium, can
cause significant damage to important agricultural crops
and natural ecosystems (Kamoun et al. 2015). One of
the most serious diseases affecting litchi production and
post-harvest is litchi downy blight, which is caused by
Peronophythora litchii (Zhu et al. 2022). This pathogen
attacks fruit, panicles, and leaves. Asexual sporangia and
zoospores are the main inoculums of P, litchii. In addi-
tion, sexual oospores act as resting structures surviving
in soil or debris for several years (Situ et al. 2022). While
research on gene functions in P. litchii has been acceler-
ated with the availability of genome resources and the
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development of an efficient CRISPR/Cas9 genome edit-
ing system, our understanding of the molecular patho-
genesis of this pathogen still lags behind many other
phytopathogenic oomycetes (Ye et al. 2016; Situ et al.
2020; Li et al. 2021; Wang et al. 2022).

Here, we have identified 284 non-redundant genes
encoding ANK-containing proteins in P [litchii, which
were classified into 11 subfamilies. Among them, the
ANK-PDZ subfamily gene, PIANKI, was found to be
significantly induced in oospores and from zoospores to
infection stages. Subsequent experiments showed that
PIANKI deletion mutants were defective in vegetative
growth, zoospores encystment, cysts germination, stress
tolerance, sexual reproduction, and virulence. Through
transcriptome analysis and nitrogen source utilization
assays, we demonstrated that PIANK1 mediates the path-
ogen’s nitrogen metabolism. Overall, this study sheds
light into the function of ANK-containing proteins in
oomycetes development and pathogenesis.

Results

Identification of ANK-containing proteins in P. litchii

We performed Pfam analysis on all annotated proteins
in the P litchii genome and identified a total of 284
genes that encode proteins containing the ANK motif
(PF13637) (Table 1 and Additional file 1: Table S1). The
number of ANK repeats in a protein ranges from 1 to
31, with an average of 5.6 (Additional file 2: Figure S1).
The average size of PIANK proteins is 822 amino acids
(aa), which is larger than the average size of all predicted
proteins (580 aa) in the P. litchii genome. The character-
istics of PIANK proteins are summarized in Additional
file 1: Table S1. The 284 PIANK proteins were analyzed
for additional recognizable protein domains and subse-
quently classified into 11 clusters of structurally related
proteins (Table 1). The subfamily ANK-M contained 144
proteins with ANK domain only, while 4 of the PIANK
proteins also contained a signal peptide (Additional file 1:
Table S1).

To examine the expression pattern of the PIANK genes
during the infection process, we analyzed the RNA-Seq
data of P, litchii infection stages. Transcripts of 283 ANK
protein-coding genes were detected in at least one infec-
tion stage (Fig. 1a). As shown in the heatmap, 13 PIANK
genes were constantly up-regulated in all the infection
stages, while 16 genes were up-regulated at early infec-
tion stages (1.5-6 h post-inoculation [hpi]), and 34 genes
were up-regulated at late infection stages (12—24 hpi).
Meanwhile, 48 genes were constantly down-regulated
at all the infection stages, and 72 genes were down-
regulated at early or late infection stages. The diverse
expression patterns across infection stages might suggest
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Table 1 Number of P, litchii ANK-containing proteins in different subfamilies
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Subfamily Description Number of ANK protein  Average number
of ANK repeats
ANK-M ANK protein with only the ankyrin repeat 144 6.10
ANK-TM ANK-transmembrane protein 24 517
ANK-PK ANK protein with kinase activity 21 9.14
ANK-ZF ANK protein with zinc finger domain 13 4.08
ANK-IQ ANK protein with calmodulin-binding motif 12 2.50
ANK-RF ANK protein with RING finger domain 7 2.29
ANK-RAS ANK protein with GTPase of the Ras superfamily 5 4.60
ANK-WW ANK protein with proline-rich polypeptides binding domain 5 540
ANK-PDZ ANK protein with discs-large homologous regions 4 3.25
ANK-TPR ANK protein with the TPR 4 3.75
ANK-O ANK protein with other domains 45 473
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Fig. 1 Transcriptional analysis of the PIANK genes and sequence feature of PIANKT. a Heatmap of the transcription level of PIANK genes
in the pathogen infection stages. b Sequence characterizations of PIANK1. ¢ Phylogenetic analysis of PIANK1 and its homologous proteins in other
oomycetes. Phylogenetic dendrograms were constructed by MEGA X with the Neighbor-Joining method using 1000 bootstrap replications
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different functional roles of the PIANK genes in the infec-
tion process.

Sequence and expression pattern analysis of PIANK1

To investigate the function of ANK-containing proteins
in P. litchii, PIANK1 was selected for further research
because of its higher enrichment in expression dur-
ing infection stages (Additional file 1: Table S1). The
open reading frame of PJANKI was 1188 bp in length
and contained two introns, resulting in a protein with
395 amino acids. In addition to the two ANK domains,
PIANK1 also possesses a PDZ domain (Fig. 1b). Phy-
logenetic analysis showed that PIANK1 is only con-
served in oomycetes, suggesting a potentially unique
role in these microorganisms (Fig. 1c).

Subsequently, reverse-transcription quantitative
PCR (RT-qPCR) was performed to further define the
expression pattern of PIANKI at different life stages.
The results showed that PIANKI was highly induced in
zoospores, cysts, germinating cysts, and oospores. In
addition, the expression of PIANKI gradually increased
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after inoculation (Additional file 2: Figure S2), which
was consistent with the RNA-Seq data. This result sug-
gests that PIANKI may play a crucial role during the
stage of P. litchii development and infection.

Generation of PIANK1 knockout and complementation
strains in P. litchii

To further explore the possible function of PIANKI, we
generated knockout mutants of the P litchii wildtype
(WT) strain SHS3 by the CRISPR/Cas9 genome editing
system. A single guide (sg) RNA was designed to disrupt
the PIANKI gene following the gene replacement strat-
egy schematically displayed in Fig. 2a. Three independ-
ent knockout mutants (KO11, KO14, and KO39) were
obtained (Fig. 2b—d). We used a transformant as the
control (CK) strain in which PIANK1I had not disrupted.
In order to ensure that the observed phenotype of these
knockout mutants was caused by the loss of PIANK1, the
pTOR vector containing HAM34 promoter and PIANKI
ORF region with a synonymous substitution at the sin-
gle guide RNA (sgRNA) target site was reintroduced into
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Fig. 2 CRISPR/Cas9-mediated knockout of PIANK]. a A single guide RNA targeting the PIANKT coding region was designed to disrupt PIANKT.
b and c Three independent deletion mutants were identified by genomic PCR and confirmed by sequencing. d Relative expression levels

of PIANKT were determined by RT-gPCR in WT, CK, KO11, KO14, KO39, and CM38. The constitutive expression of PlActin was used as a reference
gene, and expression levels were normalized using the WT values as 1. Data represent means £ SD. The experiment was repeated three

times independently. Asterisks denote significant differences between PIANKT knockout mutants and the WT (** p<0.01)
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the mutant strain (KO39) to create a complementation
strain. After hygromycin B screening and qPCR verifi-
cation, the PIANKI transcriptional level of the comple-
mentation strain CM38 was close to the WT strain SHS3
(Fig. 2d and Additional file 1: Table S2). These results
suggested that we had successfully obtained three inde-
pendent PIANKI disruption mutants and a complemen-
tation strain for further studies.

PIANK1 contributes to vegetative growth, zoospore
encystment, and cyst germination

To investigate the role of PIANKI in mycelial growth,
the WT, CK, PIANKI knockout mutant, and comple-
mentation strains were cultured on carrot juice agar
(CA) medium. The PIANKI knockout mutants showed

KO11
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a slower growth rate on CA medium compared to the
WT, CK, and complementation strains (Fig. 3a, b). To
further evaluate whether PIANKI contributes to P
litchii asexual reproduction and spore development,
sporangia yield, zoospore release, encystment, and cyst
germination rate of the above strains were examined.
The results showed that sporangia yield and zoospore
release rate were not significantly different among
these strains (Fig. 3¢, d). However, compared with the
WT and CK strains, zoospores of the PIANKI knock-
out mutants exhibited more rapid encystment at 1 h
and 3 h after being released from sporangia, while the
complementation strain showed a similar encystment
rate to the WT and CK strains (Fig. 3e). Moreover, cyst
germination was also impaired by approximately 20%
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Fig. 3 Growth rate and asexual reproduction analysis of the PIANKT mutants. a and b The colony growth rate of the WT, CK, PIANKT knockout
mutant and complementation strains. Photographs were taken at 7 d. The experiment was repeated three times independently, with three
technical replications per biological repeat. ¢ Mean sporangia number in 1 L sporangia suspension. d Mean zoospore release rate. Sporangia
were harvested by flooding the mycelia with the same sterile distilled water. e Mean zoospore encyst time. f Mean cyst germination rate. For c
to f, the initial concentration of cysts, sporangia, and zoospores was adjusted to be the same for each strain. Data represent means + SD. All
the experiments were repeated three times independently, with three technical replications per biological repeat. Different letters represent

significant differences (p <0.01; Duncan’s Multiple Range Test)



Situ et al. Phytopathology Research (2023) 5:54

in the PIANKI knockout mutants (Fig. 3f). The above
results indicate that PI/ANKI contributes to vegetative
growth, zoospore encystment, and cyst germination.

PIANK1 is involved in the stress responses of P. litchii

To explore whether PIANKI is involved in stress
response, the strains were cultured on Plich media sup-
plemented with different stressors. Compared with the
WT, CK, and complementation strains, the PIANKI
knockout mutants showed a higher growth inhibition
rate under hyperosmotic stresses, including NaCl and
D-Sorbitol (Fig. 4a, b). In addition, a higher inhibition
rate was also observed on plates with Congo red (CR)
(Fig. 44, b). These results showed that PIANK]I positively
regulated the responses to hyperosmotic and CR stresses,
suggesting that PJANKI is involved in maintaining cell
wall integrity and responding to stresses in P. litchii.

PIANK1 knockout disrupts oospore formation in P. litchii

To determine the effects of PIANKI knockout on oospore
development, oospore numbers were calculated in the
WT, CK, PIANKI knockout mutant, and complementa-
tion strains after 7 d and 14 d of growth on CA medium.
The PIANKI1 knockout mutants exhibited a significant
decline in oospore density after 7 d of growth (Fig. 5a).
Although all the strains showed an increase in oospore
density after 14 days of growth, the density in the PIANKI
knockout mutants remained significantly lower than that
of other strains (Fig. 5a). Oospore morphology was also
observed when mycelia were inoculated in CA medium
for 7 d and 14 d. About half of 7-day-old oospores of the
PIANK1 knockout mutants showed decreased amounts
of cytoplasm in the oospore compared with the WT, CK,
and complementation strains (Fig. 5b, d). The abnor-
mal development of oospores in the PIANKI knockout
mutants was even more conspicuous after 14 d growth,
with the cytoplasm of abnormal oospores appearing frag-
mented and forming irregularly shaped masses (Fig. 5c,
d).

Subsequently, we determined the viability of oospores
through methylthiazolyldiphenyl-tetrazolium bromide
(MTT) staining. The 7- and 14-day old oospores of the
WT, CK, and complementation strains were stained pur-
ple (Fig. 5e), indicating that they are viable. However,
most of the cytoplasm in the PIANKI knockout mutants

(See figure on next page.)
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were light purple or unstained, suggesting a loss of viabil-
ity (Fig. 5e). Collectively, these data demonstrated that
PIANK1 is required for the sexual reproduction in P
litchii.

PIANKT1 is required for P. litchii virulence

Inoculation assays were performed to determine the
role of PIANKI in the virulence of P. litchii. We inocu-
lated the tender leaves and mature fruit of litchi with
100 zoospores from the WT, CK, knockout mutant, and
complementation strains individually. Forty-eight hours
post-inoculation, the leaves inoculated with zoospores of
the WT, CK, or complementation strains showed typical
water-soaked disease symptoms, while the lesions caused
by the PIANKI knockout mutants were significantly
smaller (Fig. 6a, b). The litchi fruit inoculated with the
PIANK]1 knockout mutants also exhibited fewer disease
symptoms than those inoculated with the WT, CK, and
complementation strains (Fig. 6¢, d). Similar results were
obtained from mycelial mat inoculation assays (Addi-
tional file 2: Figure S3). The above results suggest that
PIANKI1 plays an important role in the P, litchii virulence
on litchi.

PIANKT1 is involved in nitrogen assimilation
To identify the P litchii genes regulated directly or indi-
rectly by PIANKI, we performed RNA-Seq to com-
pare the transcriptomes of the WT and two knockout
mutants (KO11 and KO39). Our analysis identified a
total of 333 differentially expressed genes (DEGs) in
the mutants compared to the WT strain, with 75% (250
genes) up-regulated and 25% (83 genes) down-regulated
(Additional file 1: Table S3). Gene ontology (GO) analy-
sis showed that the DEGs were mainly associated with
the extracellular region, protein serine/threonine kinase
activity, signal transduction, cell wall organization, DNA-
binding transcription factor activity, and nitrate assimi-
lation (Fig. 7a). KEGG functional enrichment analysis
further showed that the DEGs were significantly enriched
for several metabolic pathways, including ascorbate and
aldarate metabolism, glycerolipid metabolism, nitrogen
metabolism, and pentose and glucuronate interconver-
sions (Fig. 7b).

All the DEGs involved in nitrate assimilation showed
significant down-regulation in our RNA-Seq data.

Fig.4 PIANK1 is involved in stress tolerance. a Assay of mycelial growth of the WT, CK, and PIANKT knockout mutant and complementation strains
on Plich media supplemented with 0.05 M NaCl, 0.1 M CaCl,, 0.2 M D-sorbitol, 2 mM H,0,, 100 pg/mL CFW, or 350 ug/mL CR. Images were taken 7
d post-inoculation. b Colony diameters were measured 7 d after inoculation. Rates of growth inhibition were calculated for each treatment relative
to the growth rate on Plich medium. Data are mean = SD. The experiment was repeated three times independently, with three technical replications
per biological repeat. Asterisks denote significant differences between PIANKT knockout mutants and the WT strain (** p<0.01)
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Fig. 5 Sexual reproduction analysis of the PIANKT mutants. a Amount of oospores produced by the WT, CK, and PIANKT knockout mutant

and complementation strains. Different letters represent significant differences (p <0.01; Duncan’s Multiple Range Test). b Amount of normal
and aborted oospores produced by the WT, CK, and PIANKT knockout mutant and complementation strains after 7 d cultured in CA. ¢ Amount
of normal and aborted oospores produced by WT, CK, and PIANKT knockout mutants and complemented strain after 14 d cultured in CA. Data
represent means+ SD. The experiment was repeated three times independently, and asterisks denote significant differences between PIANKT
knockout mutants and the WT strain (** p<0.01). d Morphology of oospores produced in 7- and 14-day-old cultures of the WT, CK, and PIANKT
knockout mutant and complementation strains. The bars indicate 20 pm. e Oospores produced in 7- and 14-day-old cultures of the WT, CK,
and PIANKT knockout mutant and complementation strains treated with tetrazolium bromide (MTT)
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Fig. 6 Inoculation assay of the PIANKT knockout mutants. @ One hundred zoospores of the WT, CK, and PIANKT knockout mutant
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representatives for each instance. b Lesion length measured after 48 hpi. Different letters represent significant differences (p <0.01; Duncan'’s
Multiple Range Test). ¢ One hundred zoospores of the WT, CK, and PIANKT knockout mutants and complemented strain were inoculated on litchi
fruit (n > 30 for each strain) for 72 h at 25 °C in the dark. Images are three representatives for each instance. d Lesion length measured after 72 hpi.
Different letters represent significant differences (p <0.01; Duncan’s Multiple Range Test). Experiments were repeated three times independently

Nitrogen sources are essential for microbes to carry out
vital functions, such as energy generation and protein
synthesis, which are necessary for rapid growth, niche
colonization, and infection (Tang et al. 2020). Therefore,
the nitrate/nitrite transporter encoding genes PINRTI
and PINRT2 and the nitrite reductase encoding gene
PINiR1 were selected for further analysis. We examined
the expression patterns of each down-regulated gene in
vegetative mycelia using RT-qPCR, and the results were
consistent with the RNA-Seq data (Additional file 2: Fig-
ure S4), suggesting the involvement of PIANKI in nitro-
gen metabolism. We also tested the expression patterns
of the above genes in the early (6 hpi) and late (12 hpi)
infection stages, respectively. The expression levels of
PINiRI in the infection stages were not significantly dif-
ferent between the PIANKI knockout mutants and the
WT strain (Additional file 2: Figure S4). The expression
of PINRTI was down-regulated in the early infection
stages in the PIANKI knockout mutants (Additional

file 2: Figure S4). Conversely, the level of PINRT2 tran-
script was elevated in the PIANKI knockout mutants in
both the early and late infection stages (Additional file 2:
Figure S4).

To further examine whether nitrogen assimilation was
affected by PIANKI, the nitrogen utilization capabili-
ties of WT, KO11, and KO39 were compared by meas-
uring their growth on Plich media with different organic
and inorganic nitrogen sources. Compared with WT,
the PIANKI knockout mutants exhibited higher growth
inhibition rates on Plich media containing NO;~, NO,",
or NH, " as the single inorganic nitrogen source (Fig. 7c,
d). However, the growth of KO11 and KO39 was not
affected when glutamine was used as an organic nitro-
gen source, and even showed a lower inhibition rate
when proline was used (Fig. 7c, d). Given that the growth
of the PIANKI knockout mutants was not affected on
the media containing organic nitrogen sources, we per-
formed an inoculation assay again with the addition of
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Fig. 7 PIANKT regulates the nitrogen assimilation pathway in Peronophythora litchii. a and b Gene ontology and KEGG enrichment analysis

of the DEGs. ¢ The WT, KO11, and KO39 strains were grown for 7 d on Plich medium or defined media with NO;~, NO, ™, and NH,, glutamine (GIn)
and proline (Pro). d Inhibition rates from the above colonies at 7 d post-inoculation. Data represent means + SD. The experiment was repeated three
times independently, with three technical replications per biological repeat. Asterisks denote significant differences between the PIANKT knockout
mutants and WT strain (**p <0.01). e The application of Pro and GIn in the infection stage. Zoospore suspension containing 10 mM Pro or GIn

was inoculated on litchi leaves (n> 12 for each strain) for 36 h at 25 “C in the dark. f Lesion length measured after 36 hpi. Different letters represent
significant differences (p <0.01; Duncan’s Multiple Range Test). The experiment was repeated three times independently

exogenous proline and glutamine. The results showed
that the application of proline and glutamine can par-
tially restore the infection process of the PIANKI dele-
tion mutants (Fig. 7e, f). The above results suggest that
PIANKI1 regulates the growth and virulence of P. litchii by
affecting pathogen nitrate assimilation.

Discussion

Ankyrin (ANK) repeats, known to mediate protein-
protein interactions, is a ubiquitous protein structural
domain distributed in diverse organisms ranging from
viruses to humans. Although ANK-containing proteins
perform a wide range of functions in animals, yeasts, and
plants (Manik et al. 2017; Tyrkalska et al. 2017; Lindsay
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et al. 2022; Tang et al. 2022), little is known about their
functions in oomycetes. In this study, we systematically
identified the genes encoding ANK-containing proteins
in the litchi pathogen P, litchii and found that PIANKI,
of these genes, plays critical roles in vegetative growth,
zoospore encystment, cyst germination, stress responses,
oospore development, and virulence of P litchii. The
orthologs of PIANK1 were exclusive to oomycete spe-
cies, suggesting a potentially oomycete-specific function.
Further experiments revealed that PIANKI regulates P
litchii growth and virulence by affecting pathogen nitrate
assimilation. However, considering the growth defects
caused by the absence of PIANK1, whether PIANKI reg-
ulates the pathogen infection process directly should be
further investigated.

The number of ANK-containing proteins in Arabi-
dopsis, rice, maize, and soybean is 105, 175, 71, and 226,
respectively (Becerra et al. 2004; Huang et al. 2009; Jiang
et al. 2013; Zhao et al. 2020). There are 284 ANK-contain-
ing proteins in P, litchii, more than in plants. We further
identified ANK-containing proteins in other phytopatho-
genic oomycetes and F graminearum (Additional file 1:
Table S4). Intriguingly, the numbers of ANK-containing
proteins in phytopathogenic oomycetes are between 200
and 500, significantly higher than in plants and fungi.
This result indicated that the genes encoding ANK-con-
taining proteins in phytopathogenic oomycetes rapidly
expanded during evolution. Gene duplication is one of
the vital driving forces in the evolution of genomes and
genetic systems (Moore et al. 2003). In rice, the OsANK
genes arranged in tandem were much larger than those
involved in segmental duplication events, suggesting that
tandem duplications might have played a key role in the
expansion of the OsANK gene family (Huang et al. 2009).
How these PIANK genes expanded in P. litchii and other
oomycetes needs further analysis. In addition, ANK-con-
taining proteins are usually clustered into different sub-
families based on domain compositions. Except for the
subfamily ANK-M, which consists of proteins with only
ankyrin repeat, 24 members with the transmembrane
domain were identified in P. litchii. The transmembrane
domain is the most common domain found in P litchii
ANK-containing proteins, which is consistent with pre-
vious reports in plants (Becerra et al. 2004; Huang et al.
2009; Jiang et al. 2013; Zhao et al. 2020). However, the
functions of ANK-transmembrane proteins are still
largely unknown and worth studying in the future.

Since ANK-containing proteins appear to be conserved
in structure rather than in function (Li et al. 2006), the
expression profile of the PIANK genes may provide clues
to their functions. A study of F graminearum found that
NO was produced in E graminearum in response to host
signals at the pre-contact stage by transcriptome analysis
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(Ding et al. 2020). FgANK1, one of the top differentially
expressed genes at the pre-contact stage, was demon-
strated to be required for host-mediated NO production
and virulence in FE graminearum (Ding et al. 2020). Our
RNA-Seq data showed that 183 (64%) PIANK genes were
differentially expressed during litchi-P. litchii interaction
(Fig. 1a and Additional file 1: Table S1). Here, we demon-
strated that one of the up-regulated genes, PIANKI, was
involved in the pathogen’s virulence. However, among
the differentially expressed PIANK genes, 66% of them
were down-regulated in this process, indicating that most
ANK-containing proteins might have a negative role dur-
ing the pathogen infection.

Nitrogen assimilation plays a vital role in obtaining
nitrogen for amino acid biosynthesis in organisms (Lam
et al. 1996). In this study, we found that PIANKI was
involved in nitrogen assimilation. The PIANKI knockout
mutants exhibited reduced efficiency in utilizing NO;,
NO,~, and NH,*, which may cause inadequate ammo-
nium conversion to amino acids, such as glutamate. In
fungi, extracellular nitrate is transported into cells by
the nitrate transporter, metabolized by nitrate reductase
to nitrite, and then converted to ammonium via nitrite
reductase (Lapp et al. 2014; Tang et al. 2020). Therefore,
the growth arrest of the PIANKI knockout mutants on
the media amended with NO;~, NO,~, and NH," may
be due to the down-regulation of PINRTI, PINRT2, and
PINiR1. Intriguingly, PINRT2 showed a higher expres-
sion level in the PIANKI deletion mutants during the
infection stages (Additional file 2: Figure S4). Thus, other
unidentified components may be controlling the expres-
sion of PINRT2 to compensate for the nitrogen assimila-
tion defect in the infection stages. Alternatively, PINRT2
may be negatively regulated by PIANK]1 in the infection
stages, depending on the environmental nitrogen source
concentration or other conditions. Exogenously supplied
proline and glutamine can partially restore the virulence
of PIANK1 deletion mutants, indicating the vital role of
nitrogen assimilation in pathogen infection. The nitrate
transporter gene is physically linked to and coregulated
with the genes encoding nitrate reductase and nitrite
reductase in P, infestans (Abrahamian et al. 2016). Silenc-
ing of all three nitrate assimilation genes results in loss
of pathogen virulence on potato leaves but colonizing
tubers (Abrahamian et al. 2016). Thus, determining how
PIANKI1 regulates the nitrogen assimilation pathway will
improve our understanding of the oomycete pathogenic
mechanism.

Sexual reproduction is a critical process in the patho-
genic life cycle of oomycetes, as the resulting sexual
oospores can survive in soil or debris for several years
(Babadoost et al. 2013; Feng et al. 2023). However, our
understanding of the molecular mechanisms of oomycete
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sexual reproduction lagged for many years because of
the lack of genome editing technologies and functional
genomic studies. The first gene reported to mediate P
litchii oospore formation was PIM90, which encodes a
Puf RNA-binding protein. The silencing of PIM90 led to
a significant decline in oospore production (Jiang et al.
2017). A recent study of M90 in P, ultimum further found
that PuM90 could repress PUFLP mRNA level via binding
to the 3’ untranslated region of PuFLP, thereby facilitat-
ing oospore formation (Feng et al. 2021). The C,H, zinc
finger transcription factor CZF1 also mediated oospore
development in P. sojae and P. litchii (Wang et al. 2009;
Zhu et al. 2022). Whether oospore development regu-
lated by PIANKI1 is related to these proteins should be
tested in future studies. Besides, the deletion of PINRT1,
PINRT?2, or PINiR1 should be conducted to verify the link
between nitrogen assimilation and oospore development.

Conclusions

In this study, we identified 284 non-redundant genes
encoding ANK-containing proteins in P litchii, which
were classified into 11 subfamilies. Further experiments
found that PIANK1 was a positive regulator of vegeta-
tive growth, zoospore development, cyst germination,
stress tolerance, and virulence in P litchii. Moreover,
the PIANKI deletion mutants abolished the ability of P
litchii to generate normal oospores, indicating its criti-
cal role in this sexual reproduction. Through transcrip-
tomic analysis and nitrogen source utilization assays,
we demonstrated that PIANK1 mediates the pathogen’s
nitrogen metabolism. This study is the first report on
the identification of ANK-containing proteins in oomy-
cetes and the characterization of the biological function
of one such protein. These findings open a new avenue
for understanding the molecular mechanisms underlying
oospore development and virulence in phytopathogenic
oomycetes.

Methods

Identification of P. litchii ANK-containing proteins

We obtained the Hidden Markov Model (HMM) pro-
file of the ANK motif (PF13637) from InterPro (https://
www.ebi.ac.uk/interpro/). BLAST was used to identify
putative ANK-containing proteins with the ANK motif
(PF13637) as a query against the P, litchii predicted pro-
tein database. The redundant sequences were removed
manually. Then, all candidate sequences that met the
standards were checked manually using the SMART pro-
gram (http://smart.embl-heidelberg.de/) and predicted
the conserved domain other than the ANK motif. Signal
peptides were predicted by SignalP-5.0 (https://services.
healthtech.dtu.dk/service.php?SignalP-5.0).
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Phylogenetic analysis

Sequence alignment (Muscle algorithm) and phyloge-
netic tree were constructed with the Neighbor-Joining
algorithm with 1000 bootstrap replications in the MEGA
X program.

Microbial strains and culture conditions

Peronophythora litchii strain SHS3 was isolated from the
infected litchi fruit and maintained in the mycological
laboratory of the Department of Plant Pathology, South
China Agricultural University, China. The strain was cul-
tured on CA medium (juice from 200 g carrot topped up
to 1L, 15 g/L agar for solid medium) at 25 °C in the dark.
Escherichia coli DH5a was cultured at 37 °C in Luria Ber-
tani (LB) medium (86 mM NaCl, 10 g/L peptone, 5 g/L
yeast extract, 15 g/L agar for solid medium) and used for
the cloning and propagation of recombinant plasmids.

RNA extraction and gene expression analysis

For expression profile analysis, mycelia, sporangia, zoo-
spores, cysts, germinating cysts, oospores, and litchi
leaves infected with zoospore suspension of P litchii
were harvested at the indicated time points, and RNA
was extracted using All-In-One DNA/RNA Mini-preps
Kit (Bio Basic, Markham, Canada) according to the rec-
ommended protocol. All cDNAs were synthesized from
total RNA by PrimeScript RT Master Mix (Takara,
Shiga, Japan). qPCR was performed in 20 pL reactions
that included 20 ng cDNA, 0.4 uM gene-specific primer,
10 pL SYBR Premix ExTaq II (Takara, Shiga, Japan) and
6.4 pL. ddH,0O. The qPCR was performed on qTOWER3
Real-Time PCR thermal cyclers (Analytik Jena, Jena, Ger-
many) under the following conditions: 95 °C for 2 min, 40
cycles at 95 °C for 30 s, and 60 °C for 30 s to calculate
cycle threshold values, followed by a dissociation pro-
gram of 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s
to obtain melt curves. The relative expression values were
determined using PlActin as the reference gene and cal-
culated with the 2724 method.

Plasmid construction and CRISPR-mediated gene knockout
All the primers used in this study are listed in Additional
file 1: Table S5. The PCR fragments were amplified by
Phanta Max Super-Fidelity DNA Polymerase (Vazyme,
Nanjing, China). The deletion of PIANKI was conducted
by the CRISPR-mediated gene replacement strategy. The
CRISPR-mediated knockout plasmid pYF2.3G-Ribos-
gRNA and the donor DNA plasmid pBS-SK II+ that
contained the 1 kb of homology arms surrounding the
PIANKI gene were generated as described previously
(Fang et al, 2016). For PIANKI complementation, the
entire gene-coding region with mutated sgRNA sites was
linked to the linearized pTORmGEFP, which was digested
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by Clal and BsiWI (New England Biolabs, Hitchin, UK).
Transformation of the P litchii strain SHS3 was per-
formed as described previously (Situ et al. 2020).

Sensitivity to various stresses and nitrogen source
utilization assays

To test the stress tolerance, the mycelial plugs of the
WT, CK, PIANKI knockout mutant, and complemen-
tation strains were grown on Plich media containing
0.05 M Na(l, 0.1 M CaCl,, 0.2 M D-sorbitol, 2 mM H,0,,
100 pg/mL CFW, or 350 pg/mL CR for 7 d. For growth
tests on different nitrogen sources, all strains were cul-
tured on Plich media with the following nitrogen sources:
nitrate (NO®~, 10 mM), nitrite (NO?~, 0.1 mM), ammo-
nium (NH**, 10 mM), glutamine (Gln, 10 mM), and pro-
line (Pro, 10 mM). The inhibition rate was calculated as
follows: Inhibition rate (%)={[(the average colony diam-
eter on Plich—the average colony diameter on Plich with
a stress agent or different nitrogen sources) / the average
colony diameter on Plich] X 100. All the experiments were
repeated three times, with three replicates each time.

Methylthiazolyldiphenyl-tetrazolium bromide staining
Methylthiazolyldiphenyl-tetrazolium bromide (MTT)
staining was performed by mixing the oospore suspen-
sion with equivalent volumes of 0.1% MTT (Sigma-
Aldrich, St. Louis, USA) in 0.1 M PBS (pH 5.8), and
incubated at 37 °C for 24 h before observing under an
Olympus BX53 microscope (Olympus, Tokyo, Japan).
The red or purple oospores were considered dormant
viable, whereas the black and unstained oospores were
non-viable (Guo et al. 2017).

Inoculation assays

Inoculation assays were performed by inoculating P
litchii on the tender leaves or fruit (70% ripening stage)
of litchi (cv. ‘Feizixiao’), which were collected from the
litchi orchard in South China Agricultural University,
Guangzhou, Guangdong province. For zoospore inocula-
tion, 100 zoospores of each strain were inoculated on the
center of the tender leaf or fruit and kept at 80% humid-
ity in 12 h-light/12 h-darkness at 25 °C. For mycelial mat
inoculation, a mycelial mat of each strain was inoculated
on the center of the tender leaf or fruit. Each strain was
tested on at least 30 leaves or fruit. The symptoms were
observed, and the lesion diameter was measured at 48
hpi. The experiments were repeated at least three times.

Abbreviations

ANK Ankyrin repeat
CA Carrot juice agar
CFW  Calcofluor white
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Differentially expressed genes

GO Gene ontology

Kyoto encyclopedia of genes and genomes
MTT  Methylthiazolyldiphenyl-tetrazolium bromide
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ing cysts (GC), and oospores (O0), samples from 1.5, 3,6, 12, and 24 h
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expression of PIActin was used as a reference gene, and expression levels
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three times with independent sampling. Figure S3. Inoculation assay of
PIANKT knockout mutants inoculated by mycelial mats. a Mycelial mats
of the WT, CK, and PIANKT knockout mutants and complemented strain
were inoculated on tender litchi leaves (n > 30 for each strain) for 48 h

at 25 °C in the dark. Images are two representatives for each instance. b
Lesion length measured after 48 hpi. Different letters represent significant
differences (p <0.01; Duncan’s Multiple Range Test). ¢ Mycelial mats of the
WT, CK, and PIANKT knockout mutant and complementation strains were
inoculated on litchi fruit (n > 30 for each strain) for 72 h at 25 ‘C in the
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measured after 72 hpi. Different letters represent significant differences
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