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Identification of Pratylenchus coffeae as
a causal agent of root rot disease in Sorghum
bicolor in China

Ling Qin'?, Fan-kang Lin', Yun-long Lv', Ze-Lin Tai', Xu Zhang', Hong-lian Li'? Yu Li"?" and Ke Wang'"

Abstract

Sorghum (Sorghum bicolor) is an important food and feed crop. Root-lesion nematodes (Pratylenchus spp.) are a
group of pathogenic nematodes that cause severe economic losses in various food and cash crops. This study
identified diseased sorghum plants with stunted growth and brown, rotting roots in sorghum fields in Shanxi
Province, China. A species of root-lesion nematode was isolated by modified Baermann funnel method and
named the GL-1 population. Afterward, the GL-1 population of root-lesion nematodes was identified as P, coffeae
through a combination of morphological, [DNA-ITS and rDNA-28 S D2-D3 region techniques for molecular
biological identification. We also conducted greenhouse experiments to assess the parasitism and pathogenicity
of GL-1 and four other P. coffeae populations on sorghum through pot inoculation. At 60 days after inoculation,
the results indicated that all five populations of R coffeae were capable of infecting and causing damage to the
sorghum plants. Sorghum is a suitable host for P. coffeae (with a reproduction factor>1). Moreover, compared
with those in the control group, the aboveground fresh weights and root fresh weights of sorghum in the five
inoculation groups were significantly lower, and brown spots or even necrotic rot appeared on the roots. All five
populations were highly pathogenic to sorghum, but there were significant differences in pathogenicity among the
populations. This study provides a scientific basis for identifying and detecting root-lesion nematodes in sorghum.

Keywords Sorghum bicolor, Root-lesion nematode, Identification, Parasitism, Pathogenicity

Introduction

Sorghum (Sorghum bicolor), a member of the Gramineae
family in the Sorghum genus, originated from Ethiopia,
in Africa [1]. Sorghum is not only the world’s fifth-most
important food and feed crop, but it is also used in the
energy and processing industries [2]. As of 2022, sor-
ghum is grown on 7.29 x 10° hectare in China, with pro-
duction reaching 3.32 x 10® t (https://data.stats.gov.cn/ea
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Root-lesion nematodes (Pratylenchus spp.) are a very
important group of migratory endoparasitic nematodes
with a wide host range that, together with cyst nema-
todes and root-knot nematodes, are among the most
damaging plant pathogenic nematodes worldwide [4].
The symptoms of root-lesion nematode damage are easily
confused with those caused by a lack of water and fertil-
izer, soil-borne fungal diseases, and environmental stress
[5]. Moreover, the mechanical damage caused by root-
lesion nematodes when they infect plant roots provides
more favorable conditions for infecting pathogens such
as fungi and bacteria [6, 7]. Among the sorghum nema-
tode diseases, three nematodes are more serious, namely,
Belonolaimus spp., Meloidogyne spp. and Pratylenchus
spp [8-10]. These nematode diseases can severely impair
sorghum production, leading to substantial reductions in
both yield and quality [11]. Consequently, it is imperative
to implement effective monitoring and control strategies
to manage sorghum nematode diseases efficiently.

In 2021, we detected weak growth and root rot symp-
toms in some sorghum plants from Shanxi Province,
China. A large number of root-lesion nematodes were
isolated using a modified Baermann funnel method [12],
and the root-lesion nematodes collected in Shanxi Prov-
ince were clearly identified as P, coffeae by morphological
and molecular biology methods. Inoculation of green-
house pots, based on the nematode host plant determi-
nation criteria proposed by Goo et al. [13] confirmed that
sorghum is a suitable host for P. coffeae and that P. coffeae
is highly pathogenic to sorghum. Koch’s law experiments
verified that the collected P coffeae was the pathogen
causing sorghum root rot in this study. Additionally, the
parasitism and pathogenicity of five different populations
of P coffeae on sorghum and the differences in patho-
genicity between populations were determined. In this
study, sorghum root rot nematode disease caused by P
coffeae, was found for the first time in Shanxi Province,
China. This is the first time that differences in the patho-
genicity of different P coffeae populations on sorghum
have been clarified. This study provides a scientific basis
for research related to the detection and integrated con-
trol of root rot in sorghum.

Materials and methods

Isolation and purification of nematodes

Diseased sorghum (Jinza 210) with dwarfed plants,
reduced root systems and brown rot was found in a sor-
ghum field in Yangfang village, Mengfeng township,
Qingxu county, Taiyuan, Shanxi Province, China, and
samples of the sorghum rhyzosphere soil were subse-
quently collected. Root tissues from diseased plants were
cut and mixed with inter-root soil, and root-lesion nem-
atodes were isolated from the samples using a modified
Baermann funnel method [12]. Single female root-lesion

Page 2 of 11

nematodes were picked under a stereomicroscope, disin-
fected with 0.3% streptomycin sulfate solution about 6 h
[14], washed with sterile water, inoculated onto carrot
disks, and cultured in the dark at 25 ‘C for approximately
90 days to obtain a purified population of root-lesion
nematodes [15], which were named the GL-1 population.

Morphological identification of root-lesion nematodes
Purely cultured root-lesion nematodes were picked onto
concave slides containing sterile water under a stereomi-
croscope; subsequently, the nematodes were heat-killed,
fixed in FG solution (formalin: Glycerin: water=10: 1 :
89) [16], and dehydrated by glycerol-ethanol dehydration.
Lastly, a permanent microscopic mount was made by
wax circle method [12]. The nematodes were measured
and photographed with a Nikon Eclipse TI-S inverted
microscope (Japan). The measurement and calculation of
quantitative characteristics are based on deMan formula
and Hooper et al. [12].

Molecular identification of root-lesion nematodes

The DNA of single nematodes was extracted by protease
K method [17]. The internal transcribed spacer region
(ITS) rDNA gene was amplified using primers TW81 (5’-
GTTTCCGTAGGTGAACCTGC-3’) and AB28 (5'-ATAT
GCTTAAGTTCAGCGGGT-3) [18]. The D2-D3 region
of the 28 S rDNA gene was amplified using primers D2A
(5-ACAAGTACCGTGAGGGAAAGTTG-3) and D3B
(5-TCGGAAGGAACCAGCTACTA-3’) [19]. The reac-
tion system was formulated according to the instructions
of 2xMagic Green Taq SuperMix Polymerase (TOLO-
BIO, Shanghai, China) for PCR. The reaction procedure
was as follows: pre-denaturation at 95 ‘C for 3 min, fol-
lowed by 35 cycles of denaturation at 95 C for 30 s,
annealing at 59.1 C (ITS rDNA) or 51.9 C (28 S rDNA)
for 30 s, extension at 72 ‘C for 2 min, and a final exten-
sion at 72 “C for 5 min. The resulting PCR products were
purified with a FastPure® Gel DNA Extraction Mini Kit
(Vazyme Biotech Co., Ltd., Nanjing, China), connected
to a one-step ZTOPO-Blunt/TA cloning vector (Zoman,
Beijing, China), transferred to DH5a cells (TOLOBIO),
and then sent to Sangon Biotech Co., Ltd. (Shanghai,
China) for sequencing [15].

Phylogenetic relationship analysis of the root-lesion
nematodes

The obtained sequences of the rDNA-ITS and rDNA
28 S D2-D3 regions of the GL-1 population were sub-
mitted to the GenBank database with the accession
numbers PP531525 (rDNA-ITS) and PP531576 (28s
rDNA), respectively, and then the corresponding gene
sequences of Pratylenchus obtained from the GenBank
database were aligned using the BLASTn algorithm (htt
p://blast.ncbinlm.nih.gov/Blast.cgi). Multiple sequence
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comparison was performed in MEGA 7 using the Clust-
alW technique. The optimal nucleotide substitution
model GTR+G +1 was selected under the Akaike infor-
mation criterion (AIC) using PAUP and MrModeltest 2.3,
and a phylogenetic tree of 28 S and ITS sequences in P
coffeae was constructed using MrBayes 3.1 [20].

Parasitism and pathogenicity of five P. coffeae populations
toward Sorghum bicolor

In this study, the parasitism and pathogenicity of four
other populations of P. coffeae conserved in our labora-
tory and GL-1 population (Table 1) in sorghum were
determined via pot inoculation experiments. Sorghum
seeds were sterilized with 75% ethanol for 3-5 min,
washed with sterile water and sown in sterile soil for 15
days of growth. The flowerpots used in the experiment
were the same, with an outer diameter of 20 cm, an inner
diameter of 17.5 c¢cm, a bottom diameter of 13.5 cm and
a height of 18 c¢cm, which could hold a volume of about
3.5 L of nutrient soil. Subsequently, sorghum seedlings
with uniform growth were selected and inoculated with
a suspension of five P, coffeae populations at a concentra-
tion of 1000 nematodes/mL around the sorghum root
system at a rate of 2000 nematodes/pot. The nematode
suspension contains all the life stages of the nematodes,
i.e., eggs, females, males, and juveniles. Five biologi-
cal replicates were performed. The sorghum treatment
without nematode inoculation was used as a control. All
the pot experiments were replicated twice in the green-
house (28 ‘C, 12 h light/12 h dark photoperiod). The
potted seedlings were watered 1 day before inoculation
with nematodes to moisten the soil, and the pots were
not watered for 3 days after inoculation to ensure nor-
mal nematode infestation; then regular planting manage-
ment was applied [21]. Sixty days after inoculation with
nematodes, growth parameters such as the plant height,
aboveground fresh weight and root fresh weight of sor-
ghum were investigated, and symptoms of sorghum root
infestation were observed and imaged [16]. The modi-
fied Baermann funnel method [12] was used to isolate
and count the number of nematodes (Pf) in the sorghum
inter-root region and to calculate the reproduction factor
(Rf) of the nematodes. The host plant determination cri-
teria proposed by Goo et al. [13] were used to determine
whether sorghum was a host plant for P coffeae during
this test.

Table 1 Nematode populations used in this study
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Histopathological observation

The P. coffeae in the root system of the differently treated
sorghum plants were stained with acidic magenta and
observed according to the methods by Bybd et al. [22].
Tissue sectioning of the sorghum root system was per-
formed after dehydration, transparency, wax dipping,
embedding, sectioning, staining and sealing accord-
ing to the methods of Wang et al. [23] and Sasanelli et
al. [24]. The sections were stained with Fanshi red-solid
green dye and then observed and photographed under a
microscope.

Data analysis

Statistical analysis was performed with SPSS 22.0 soft-
ware (Chicago, USA) in this study. All the data were sub-
jected to a one-way analysis of variance (ANOVA) and
tested for differences among treatments at the 5% level by
Duncan’s multiple range test (DMRT) [14].

Results

Field symptoms

As a result of root-lesion nematode infestation, the symp-
toms in the sorghum field were as follows: the aboveg-
round plants were significantly shorter and weaker, the
root systems were reduced, the roots showed obvious
brown or black-brown spots, and parts of the root sys-
tems showed varying degrees of necrosis and decay
(Fig. 1).

Morphological identification of P. coffeae

Morphological characteristics: The morphometric values
for the female and male root-lesion nematodes harvested
from the sorghum inter-roots in Shanxi Province, China
were compared with the corresponding indices of other
P coffeae nematodes, as shown in Table 2; the micro-
scopic observations of their morphometric features are
shown in Fig. 2.

Females almost straight, when heat-killed (Fig. 2A).
Head sclerotization heavy, extending backward. The
labial region is low and slightly offset, containing 2 labial
rings (Fig. 2D-G). The median bulb is ovoid (Fig. 2B)
and the esophageal glands cover the anterior end of the
intestine (Fig. 2C). Lateral fields with distinct four lines
at mid-body (Fig. 2K). The oocytes in the ovary were
arranged in a single row, and the spermatheca was dis-
tinct and round or oval (Fig. 2H-I). Tail subcylindrical,

Nematode population Host Sampling location In vitro cultured GenBank (ITS) GenBank (28 S)
HN-K1 corn Pingdingshan City, Henan Province Carrot disks OR417384 OR417283
SD-YC-1 tobacco Weifang City, Shandong Province Carrot disks 00449389 00449390
HN-A21 sesame Xuchang City, Henan Province Carrot disks MN588280 MN588282
XC-344-1 soybean Linyi City, Shandong Province Carrot disks MT879294 MT879295

GL-1 sorghum Taiyuan City, Shanxi Province Carrot disks PP531525 PP531576
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Fig. 1 Root rot field symptoms of sorghum caused by root-lesion nema-
todes in Shanxi Province, China
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caudal end occasionally with distinctly irregular indenta-
tions (Fig. 2N-P). The morphology of the male was similar
to that of the females after heat exposure (Fig. 2Q). The
seminal vesicle is obvious (Fig. 2J). Male tail with slender
spicules, narrowing to a pointed terminus (Fig. 2M).

The morphological characteristics of the root-lesion
nematode population collected in this study were more
consistent with those of P. coffeae in the article by Inserra
et al. [25] and Xie [26], so the root-lesion nematode pop-
ulation collected from the inter-roots of sorghum from
Shanxi Province, China, was tentatively identified as P
coffeae.

Molecular identification and phylogenetic analysis of P.
coffeae

The rDNA-ITS and rDNA-28 S D2-D3 regions of the sor-
ghum inter-root nematode from Shanxi Province, China
were PCR-amplified and sequenced using the universal
primers TW81/AB28 and D2A/D3B, and two sequences
with lengths of 1086 bp and 811 bp, respectively, were
obtained. A BLAST analysis of the NCBI database

Table 2 Morphometrics of a population of Pratylenchus coffeae collected in Taiyuan City, Shanxi Province, China

Character GL-1 population Pratylenchus coffeae population of Inserra et al. [25]
female male female male

n 18 18 20 20

I 583.55+3047 536.58+44.19 601.90+51.40 589.10+25.40
(514.35-644.50) (482.90-641.80) (520.00-715.00) (558.50-647.50)

a 22524262 (18.92-28.15) 28.85+1.70 (26.29-32.00) 28.70+3.10 (23.40-34.00) 30.80+1.60 (28.70-33.90)

b 5.67+0.20 (5.36-6.24) 5.86+0.25 (5.25-6.20) 6.70+£0.40 (5.60-7.20) 6.70+0.30 (6.00-7.30)

b 4.81+0.32 (4.02-5.26) - - -

C 20.76 £2.38 (18.05-27.99) 21.18+2.02 (18.12-26.70) 20.90+2.80 (17.00-31.00) 21.80+1.60 (19.40-25.40)

c 1.9140.23 (1.52-2.38) - - -

\Y 7890+ 1.70 (75.56-82.40) - 80.50+ 1.50 (76.00-82.50) -

T - 39.80+5.51(31.17-52.19) - -

DGO form stylet base 3.18+042(2.18-3.81) 3374048 (2.35-3.94) 2.80+0.50 (2.50-4.00) 3.60+0.30 (3.00-4.00)

EP 87.40+4.09 (79.21-94.07) 85.42+4.37(78.92-94.19) - -

Stylet length 16.23+£0.53 (15.36-17.29) 16.00+£0.72 (14.37-16.91) 16.90+0.20 (16.50-17.00) 15.00+£0.40 (14.50-15.50)

Stylet shaft 10.59+1.81 (7.04-13.21) 1045+ 1.65 (8.29-13.91) - -

Stylet knob height 2.55+0.51 (1.68-3.41) 2434047 (1.70-3.07) - -

Stylet knob width 3.86+0.38 (3.19-4.54) 3.35+0.54 (2.25-4.17) - -

Pharyngeal overlap 39.66+8.05 (25.17-53.21) 29.33+5.27 (24.31-46.90) 49.80+10.30 (34.00-72.50) -

Max body width 26.29+3.78 (21.53-34.07) 18.70+2.25 (15.09-23.98) - -

Tail length 25.67+4.21 (19.06-35.42) 29.00+3.30 (21.50-36.00) 27.10+1.90 (24.50-31.00)

Number of tail annuli
Vulva to anus distance
Post-uterine sac length
Lateral field width
Vulval body diameter
Anal body diameter
Spicule length
Gubernaculum length

24.17+1.58 (18-26)
86.86+6.36 (76.10-99.24)
27.70+4.3(18.21-35.20)
7.36%0.57 (6.53-8.74)
19.13+1.47 (16.72-22.07)
17.99+2.94 (12.79-23.15)

(

2846+3.67 (22.05-35.70)
(
(

590+0.85 (4.15-8.53)

17.10£0.73 (15.41-18.29)
5.20+0.3 (4.68-5.79)

87.20+12.80 (70.50-135.00)

29.50+6.50 (19.50-49.50)

17.50+0.60 (16.00-18.00)
5.30£0.30 (5.00-5.50)

Notes: All measurements are in pm and in the form of mean + standard deviation (range). n, number of specimens measured; |, body length; a, body length/greatest
body width; b, body length/length from the lips to the junction of oesophageal gland and intestine; b’, body length/length from the lips to oesophageal gland end;
¢, body length/tail length; c’, tail length/tail diameter at anus; V, distance of vulva from the lips x 100/body length; T, distance form cloaca opening to anterior most
part of testis/body length x 100%; DGO, distance between dorsal oesophageal gland opening and stylet knobs
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Fig. 2 Light micrographs of Pratylenchus coffeae from sorghum in Shanxi Province, China. (A) female entire body; (B) anterior region; (C) pharyngeal
gland lobe overlapping the intestine; (D)-(G) lip region; (H)-(I) female anterior end of genital gland; (J) male anterior end of genital gland; (K) lateral field;
(L) post-vulval region showing the post-uterine sac; (M) male tail region; (N)-(P) female tail region; (Q) male entire body. Scale bars: 100 um ((A), (Q)) and
10 um ((B)-(P)). S, stylet; mb, median bulb; e.g., esophageal glands; sk, stylet knob; an, annuli; oc, ovary cells; If, lateral field; a, anal; tc, testis cells; vu, vulval;

sp, spicules; gu, gubernaculum

showed that the sequence of the rDNA-ITS region from
the root-lesion nematode obtained in this study (Gen-
Bank accession no. PP531525) was 100% similar to the
rDNA-ITS region sequence of the root-lesion nema-
tode P coffeae (0Q592785, 0Q592735). The sequence
of the rDNA-28 S D2-D3 region (GenBank accession no.
PP531576) showed 100% similarity to the sequence of the
rDNA-28 S D2-D3 region of the root-lesion nematode P
coffeae (0Q592691, 0Q592693).

The Bayesian phylogenetic tree constructed based
on the sequences of the rDNA-ITS region contained
one outgroup and 53 ingroups based on the Nacobbus
aberrans population (Fig. 3), and the sequences of the
root-lesion nematodes isolated from the sorghum root
system in Shanxi Province clustered in the same highly
supported branch as the reported P coffeae rDNA-ITS
region with a support rate of up to 100%. The Bayesian
phylogenetic tree constructed based on the sequence of
the rDNA-28 S D2-D3 region contained one outgroup

and 55 ingroups based on the Trophurus sculptus popu-
lation (Fig. 4), and this root-lesion nematode sequence
was clustered in the same highly supported branch as
the reported P coffeae rtDNA-28 S D2-D3 region, with
up to 100% similarity. The above molecular identifica-
tion results based on the sequences of the rDNA-ITS and
rDNA-28 S D2-D3 regions were consistent with the mor-
phological findings, indicating that the root-lesion nema-
tode GL-1 population isolated from sorghum in Shanxi
Province, China was P, coffeae.

Parasitism and pathogenicity assays of five P. coffeae
populations from Sorghum bicolor

The results of potting at 60 days after inoculation showed
(Fig. 5A-F) that the root systems of the plants in the
treatment groups inoculated with five different popu-
lations of P coffeae showed different levels of damage.
Compared with control plants not inoculated with the
nematode, sorghum plants inoculated with P coffeae
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Fig. 3 Bayesian tree of Pratylenchus inferred from ITS rRNA gene sequences under the GTR+1+G model. Posterior probabilities of greater than 50% are
given for appropriate clades. The newly obtained sequence is indicated with a black square

exhibited slow aboveground growth and significantly
shorter and weaker plants compared to control plants
not inoculated with the nematode. As a result of P cof-
feae infestation, the root system of sorghum plants is sig-
nificantly reduced, the roots tend to break off, the fibrous
roots are reduced, and some of the roots develop brown

or dark brown spots. In the early stages of P. coffeae infes-
tation, small, light brown or tan spots appeared in the
sorghum root system (Fig. 5H), and as the disease contin-
ued to worsen and the nematodes continued to feed and
reproduce in the root system, the spots in the sorghum
root system continued to expand (Fig. 5I-K), ultimately
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Fig. 4 Bayesian tree of Pratylenchus inferred from 28 S rRNA gene sequences under the GTR+1+ G model. Posterior probabilities of greater than 50% are
given for appropriate clades. The newly obtained sequence is indicated with a black square

leading to large, necrotic rot-like conditions throughout
the root system (Fig. 5L). The roots of the control sor-
ghum without nematode connections grew healthily and
showed no symptoms of damage (Fig. 5G).

Sixty days after inoculation, large numbers of P cof-
feae were isolated from sorghum roots and inter-root soil

(Table 3). Among them, sorghum inter-root soils inocu-
lated with the HN-K1 and SD-YC-1 populations had the
highest reproduction capacity, with averages of 4971 and
4632 nematodes and Rf values of 2.5 and 2.3, respectively.
The Rf values of P coffeae in the inter-root regions of
sorghum plants inoculated with the HN-A21, XC-344-1
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Fig. 5 Five populations of Pratylenchus coffeae suppressed the growth of Sorghum bicolor roots. (A) Root system of a non-inoculated plant; (B)-(F) roots
of plants 60 days after inoculation with the HN-K1, SD-YC-1, HN-A21, XC-344-1 and GL-1 populations, respectively; (G) healthy roots; and (H)-(L) necrotic
areas on the root systems from Sorghum bicolor inoculated with P, coffeae

Table 3 Final population densities (pf) and reproduction factor
(rf) of five populations of Pratylenchus coffeae on Sorghum bicolor
60 days after the inoculation of 2000 nematodes/pot

Table 4 Effects of five different populations of Pratylenchus
coffeae on the growth of Sorghum bicolor 60 days the inoculation
2000 nematodes/pot

Treat- Nematodesin Nematodes Total Rf Treatment Plant height Fresh shoot Fresh
ment  the soil in the root nematodes population (cm) weight (g) root
popu- weight
lation (9)

CK 0 0 0 0 CK 1588+17.7° 40.1+£11.3° 36.5+5.0°
HN-K1  4038.0+1226.1° 5950+86.8°  4633.0+1252.9° 23+06° HN-K1 713+4.3¢ 212435 11.7+1.2¢
SD-YC-1 43580+1460.0° 613.0+2154% 4971.0+1670.1° 25+0.8° SD-YC-1 69.9+10.2° 21.8+9.8 126+52¢
HN-A21 3936.8+1891.87 460.8+192.7%° 4397.6+20804° 2.2+10° HN-A21 782+13.9% 217443 149456
XC- 37926+1137.9%° 4834+853°  42760+1201.5° 2.1+0.6° XC-344-1 83.1+£8.0% 2444115 17.0£6.6>
344-1 GL-1 1024+32.1° 303+99° 203+30°
GL-1 2907.6+1019.2° 3068+87.1°  32144+10804° 16+05° Note: Data are meanzstandard error of five replicates. Different lowercase

Note: Data are meanztstandard error of five replicates. Different lowercase
letters within the same columns indicate significant difference at 0.05 level.
The same below. Reproductive factor (Rf )=final isolated nematodes/initial
inoculation nematodes

and GL-1 populations were 2.2, 2.1 and 1.6, respectively.
Based on Goo’s host determination criteria [13], all
five populations of P coffeae inoculates were capable of
infesting and damaging sorghum and the sorghum was a
suitable host for P coffeae (Rf>1), but there were differ-
ences in the fecundity of different sorghum populations.

letters within the same columns indicate significant difference at 0.05 level. The
same below

Sorghum plants from five different populations inocu-
lated with P coffeae as described above were surveyed
to measure the plant height, aboveground fresh weight
and root fresh weight to observe their pathogenicity
(Table 4). The average aboveground plant height, aboveg-
round fresh weight and root fresh weight of uninoculated
healthy sorghum plants were 158.8 cm, 40.1 g and 36.5 g,
respectively. Sorghum plants inoculated with the HN-K1
and SD-YC-1 populations had significantly shorter
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Fig. 6 Sorghum bicolor roots infected by Pratylenchus coffeae. (A) Healthy roots; (B)-(E) a large number of P. coffeae individuals and eggs in the cortex of
the roots; (F) P coffeae in Sorghum root cells; (G) cross section of undamaged roots; and (H)-(J) cross section of roots infected with P. coffeae showing
vermiform nematodes in damaged epidermal cells. Scale bars: 100 pum (A)-(E); 20 um (F); 50 um (G)-(H). n, nematode; e, egg; s, stylet; sk, stylet knob; mb,

median bulb

plants and more severely damaged root systems, with
plant heights, aboveground fresh weights and root fresh
weights of 71.3 cm, 21.2 g, and 11.7 gand 69.9 cm, 21.8 g,
and 12.6 g, respectively, which were significantly lower
(P<0.05) than those of the uninoculated control. Sor-
ghum plants inoculated with the GL-1 population exhib-
ited relatively little plant growth and relatively severe
root damage, with an average plant height, aboveground
fresh weight, and root fresh weight of 102.4 ¢cm, 30.3 g,
and 20.3 g, respectively. In summary, the five differ-
ent populations of P coffeae tested here were all clearly
pathogenic to sorghum, but there were significant differ-
ences in the pathogenicity of the different populations,
with the strongest pathogenicity to sorghum being found
in the HN-K1 and SD-YC-1 populations, followed by the
HN-A21 and XC-344-1 populations, and the weakest
pathogenicity to sorghum in the GL-1 population, which
was isolated from Shanxi Province, China.

Histopathological observation

After acidic magenta staining of the morbid sorghum
root system, a large number of P coffeae individuals and
eggs were observed within the roots under the micro-
scope, indicating that the nematode can grow, develop
and complete its life cycle within the sorghum root sys-
tem of the test (Fig. 6B-E). The results of the pathologic
tissue sections showed (Fig. 6G-H) that P coffeae was
present in the cells of sorghum roots, and due to the
migration and feeding of this nematode, the cells of the
root tissues were partially degraded, which in turn led to
the decay and necrosis of the roots.

Discussion

In this study, we used a combination of morphologi-
cal and molecular biological identification of root-lesion
nematode species harvested from the inter-roots of sor-
ghum in Shanxi Province, China. The results indicated
that this nematode population was basically consistent
with the morphological characteristics of P coffeae as
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previously reported. Phylogenetic trees also indicate
that this nematode population is in the same branch as
P coffeae and is distinguished from other populations
of the genus Pratylenchus. In this study, P coffeae was
confirmed as a pathogen causing root rot in sorghum
by Koch’s law tests. P coffeae infests the root system of
sorghum, causing cell necrosis, resulting in root rot and
other symptoms. When the density of the nematode pop-
ulation is high, plant dwarfing can occur, and the sculpts
leaves show signs of nutrient deficiency. In severe cases,
the aboveground part of the plant fades to green, grows
slowly, yellows, and even dies [5, 7].

The parasitism and pathogenicity of the P coffeae GL-1
population and four other populations on sorghum were
determined via greenhouse pot inoculation tests in our
study. The host status and susceptibility of sorghum to
four root-lesion nematodes were studied in greenhouse
and field microplot experiments [10]. Sorghum was a
good host for P. zeae, P. brachyurus and P. coffeae which
had reproduction indices (Pf/Pi) greater than 1, Sorghum
was a nonhost for P. crenatus. Our findings are consistent
with the findings of Motalaote’s study, all five popula-
tions of P coffeae from different host sources were able
to cause root pathogenicity in sorghum, but there were
significant differences in the pathogenicity of P coffeae
in sorghum from different regions or host sources. These
differences may be due to environmental [27], anthropo-
genic [28], and intrinsic nematode factors [29], which are
common to a wide range of root-lesion nematodes. Nem-
atodes are adapted to and tamed over time in different
environments, and humidity and temperature alter their
reproductive and pathogenic capacities [30].

In agriculture, sorghum is often rotated or inter-
cropped with crops such as soybeans, corn, or wheat
to achieve greater yields [2]. Soybean and corn, among
other crops, are suitable hosts of P. coffeae [31, 32]. This
study demonstrated that P coffeae isolated from the
inter-root of soybeans and corn can infest sorghum roots.
We hypothesize that P. coffeae is capable of infesting suc-
cessive interspecific crops in the soil if all crops grown in
a rotation or sets of crops are hosts of P. coffeae. In our
study, this is the first time that P coffeae can cause sig-
nificant damage to sorghum in the field and it should
continue to be a concern in sorghum cultivation in the
future.

Conclusions

In this study, the pathogen causing sorghum root rot dis-
ease found in Shanxi Province, China, was identified as
P coffeae, and this nematode population and four other
populations of P coffeae conserved in our laboratory
were subsequently subjected to a pot inoculation test
to determine their parasitism and pathogenicity on sor-
ghum plants. The indoor potting results demonstrated
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that sorghum is a suitable host for P coffeae (Rf>1) and
that all five different populations of P. coffeae can grow,
develop, and complete their life cycles within the sor-
ghum root system. All five different test P. coffeae popula-
tions were highly pathogenic to sorghum, but there were
significant differences in pathogenicity between popula-
tions with different hosts or from different geographic
origins. To our knowledge, this is the first report of root
rot in Sorghum bicolor, caused by P coffeae in China.
This study provides a scientific basis for identifying and
detecting root-lesion nematodes in sorghum.
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ABSTRACT

Pratylenchus coffeae is a widespread migratory endoparasitic nematode that causes substantial yield
losses across a broad range of crops. Successful parasitism depended on the secretion of effector proteins
that modulate host cellular processes. In this study, we identified a novel p-1,4-endoglucanase effector,
PcENG3, which was specifically expressed in the esophageal gland cell and gonadal tissues of P. coffeae
and was significantly upregulated during parasitic stages. A yeast signal sequence trap assay confirmed
the N-terminal signal peptide of PCENG3 was functional, suggesting its potential for secretion. Silencing
PcENG3 in P. coffeae markedly impaired its infectivity on maize (Zea mays L.). Transgenic expression of
PcENG3 in Arabidopsis thaliana suppressed flg22-triggered reactive oxygen species (ROS) accumulation,
leading to enhanced susceptibility to nematode infection. Yeast two-hybrid and luciferase complementa-
tion imaging assays revealed a direct interaction between PCENG3 and maize ZmTCTP2a, a translationally
controlled tumor protein involved in cell proliferation and immune regulation. Notably, suppression of
ZmTCTP2a expression in maize increased susceptibility to P. coffeae and compromised basal immunity
against multiple pathogens. Collectively, our findings uncovered a previously uncharacterized effector-
host interaction in which PcCENG3 targeted ZmTCTP2a to suppress immunity and alter root cap cell pro-
liferation and differentiation, thereby promoting nematode parasitism. This work provided new insights

into the molecular mechanisms underlying P. coffeae pathogenicity and host susceptibility.
© 2025 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

damage to the host plant [7,8]. However, due to the non-
specificity of symptoms, the agricultural impact of RLNs is often

Root lesion nematodes (RLNs; Pratylenchus spp.) represent a
major threat to global agriculture, causing significant yield losses
across a broad range of economically important crops [1]. Unlike
sedentary endoparasitic nematodes such as root-knot nematodes
(RKNs; Meloidogyne spp.) and cyst nematodes (CNs; Heterodera
and Globodera spp.), which establish permanent feeding sites, RLNs
maintain a migratory lifestyle throughout their life cycle [2-4]. The
motile second-stage juveniles (J2) of RLNs penetrate the host root,
where they feed and migrate intracellularly within the cortex [5,6].
This activity disrupts cellular organization, impairs root develop-
ment, and increases the susceptibility of parasitized tissues to sec-
ondary infections by fungi and bacteria, thereby exacerbating
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underestimated.

To establish successful infections, plant-parasitic nematodes
(PPNs) secrete an array of effector proteins that reprogram host cell
physiology, development, and defense [9,10]. These effectors
enable the nematode to modulate host metabolic and signaling
pathways, thereby facilitating nutrient acquisition and evading
host immunity [6,11]. For example, the M. incognita effector
Mi2G02 hijacked the plant trihelix transcription factor GT-3a,
thereby modulating developmental pathways in Arabidopsis thali-
ana [12]. Similarly, the M. enterolobii effector MeMSP1 targeted
glutathione S-transferase (GSTF) proteins in A. thaliana, reconfigur-
ing host metabolism to enhance nematode fitness [13]. Addition-
ally, the isochorismatase Mi-ISC-1 of M. incognita suppressed
salicylic acid (SA)-mediated defense by interfering with the SA
biosynthetic pathway, thereby compromising host immunity [14].

2214-5141/© 2025 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Like other pathogens, plant parasitic nematodes (PPNs) secrete
diverse effectors to suppress pattern-triggered immunity (PTI) and
facilitate parasitism. For example, RsVAP, a venom allergen-like
protein from Radopholus similis, was shown to suppress host
defense responses, thereby facilitating parasitism [6]. Similarly,
the secreted effector BXSCD1 from Bursaphelenchus xylophilus was
found to inhibit reactive oxygen species (ROS) accumulation and
callose deposition, contributing significantly to virulence during
host colonization [15]. The Mg16820 effector from M. graminicola
suppressed R2/Avr2-triggered effector-triggered immunity (ETI)
in Nicotiana benthamiana and inhibited flg22-induced ROS bursts
[16]. The H. avenae effector Ha18764, a G16B09-like protein, was
upregulated during infection and suppressed host hypersensitive
response (HR) and callose deposition when expressed in tobacco
[17]. MiCTL1a, a C-type lectin effector from M. incognita, reduced
Arabidopsis catalase activity, modulates redox homeostasis, and
altered susceptibility to RKN by regulating stress-responsive gene
expression [10].

Among these effectors, -1,4-endoglucanases (ENGs) played
particularly important roles in nematode invasion and migration
[18]. These enzymes were capable of degrading cellulose in plant
cell walls, thereby facilitating mechanical penetration and move-
ment through host tissues [19,20]. ENGs were detected in the
secretomes of several PPNs and were often localized in esophageal
gland cells [21,22]. Functional studies in G. rostochiensis demon-
strated that cellulase genes significantly affected nematode infec-
tivity [23]. In addition to their cell wall-degrading activity, ENGs
might have contributed to nutrient release by breaking down com-
plex polysaccharides into soluble sugars that supported nematode
development [24]. Although ENGs were considered conserved vir-
ulence factors, their specific molecular targets in migratory
endoparasites such as Pratylenchus spp. remained largely
unexplored.

Translationally controlled tumor protein (TCTP) is an evolution-
arily conserved protein that has been implicated in diverse biolog-
ical processes, including cell proliferation, organogenesis, and
stress tolerance across eukaryotes [25,26]. In A. thaliana, TCTP pro-
moted mitotic growth by modulating the cell cycle, influencing
root and shoot architecture [27]. Similar roles were observed in
rice (Oryza sativa), where OsTCTP played an important role in mer-
cury tolerance in rice [28]. Moreover, TCTP was linked to enhanced
abiotic stress tolerance through its involvement in ROS-scavenging
pathways [29], suggesting a key role in maintaining plant home-
ostasis under environmental constraints.

In this study, we identified and functionally characterized a
novel effector, PCENG3, from P. coffeae. PCENG3 was expressed in
the nematode’s esophageal gland and gonad. Our data showed that
PcENG3 directly interacted with the maize ZmTCTP2a, and that
this interaction perturbed the expression of ZmTCTP2a and associ-
ated glucose metabolism genes involved in cell proliferation. Func-
tional assays revealed that silencing ZmTCTP2a impaired maize
root development and increased host susceptibility to both P. cof-
feae and the fungal pathogen Ustilago maydis. Together, these find-
ings uncovered a previously uncharacterized mechanism by which
migratory nematodes subverted host cell development and immu-
nity, shedding new light on the molecular underpinnings of P. cof-
feae parasitism.

2. Materials and methods
2.1. Nematodes and plant materials
Carrot callus tissues were prepared according to the method

previously described [30]. P. coffeae populations (HNK1, Henan
Province, China) were extracted using a modified Baermann funnel
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technique [31]. Maize plants (susceptible cultivar Zhengdan 958)
were grown under a 16 h light/8 h dark photoperiod at 28 °C. Seeds
of A. thaliana (ecotype Columbia, Col-0) were surface-sterilized and
sown on MS medium plates containing 4.7 g L~! MS basal salts
with vitamins, 20 g L™! sucrose, 3.5 g L~! Gelam Gum, and adjusted
to pH 5.7. N. benthamiana and A. thaliana plants were cultivated
under controlled environmental conditions at 22 °C with a 16 h
light/8 h dark cycle.

2.2. Sequence analysis

The sequence of PCENG3 in root-lesion nematodes (RLNs) was
obtained from P. coffeae RNA-seq datasets and the National Center
for Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.-
gov). Protein domain architecture was analyzed and validated
using the Simple Modular Architecture Research Tool (SMART) in
normal mode (http://smart.embl-heidelberg.de/smart/) [32]. Mul-
tiple sequence alignments were performed using DNAman
software.

2.3. RNA extraction and reverse transcription quantitative realtime
PCR

Total RNA was extracted from P. coffeae and plant samples using
the HiPure Total RNA Plus Mini Kit (Magen, Guangzhou, Guang-
dong, China) according to the manufacturer’s protocol. Comple-
mentary DNA (cDNA) synthesis and reverse transcription
quantitative real-time PCR (RT-qPCR) were performed using the
PrimeScript RT Reagent Kit with gDNA Eraser (RRO47A; TaKaRa,
Kyoto, Japan). Relative gene expression levels were calculated
using the 2722 method [33]. For normalization, P. coffeae Pc18s
(MG906739), maize ZmActinl (J01238), and Arabidopsis AtActin2
(ES659082) were used as internal reference genes. Each experi-
ment was performed with at least three independent biological
replicates, and each RT-qPCR reaction included three technical
replicates.

2.4. In situ hybridization

A fragment of the PCENG3 was amplified using gene-specific pri-
mers (Table S2) and used as a template for RNA probe synthesis.
Digoxigenin (DIG)-labeled sense and antisense RNA probes were
generated using the DIG RNA Labeling Kit (Roche, Mannheim, Ger-
many) according to the manufacturer’s instructions. The in situ
hybridization protocol was adapted from previously described
with minor modifications [22]. P. coffeae individuals were collected
from carrot callus cultures and fixed overnight in 4% paraformalde-
hyde. Fixed nematodes were then finely chopped on glass slides
using sterile blades to expose internal tissues. The resulting frag-
ments were hybridized with DIG-labeled RNA probes at 55 °C over-
night. Hybridization signals were detected using anti-DIG
antibodies conjugated to alkaline phosphatase. Samples were
imaged using a confocal laser scanning microscope (Nikon
A1HD?25, Tokyo, Japan).

2.5. PcENG3 transgenic Arabidopsis plants

The coding sequence of PCENG3, excluding the N-terminal signal
peptide, was amplified and cloned into the modified pEarleyGate
202 binary vector to generate the expression construct pEarleyGate
202-PcENG3. The resulting plasmid was introduced into A. tumefa-
ciens strain GV3101 via electroporation. Transformation of wild-
type A. thaliana ecotype Columbia-0 (Col-0) was performed using
the floral dip method, as previously described [34]. Homozygous
T3 lines were identified by reverse transcription PCR (RT-PCR)
analysis. To assess the impact of PcCENG3 expression on nematode
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infection, transgenic lines were inoculated with 200 P. coffeae indi-
viduals per plant. Root samples were harvested and thoroughly
washed at 35 d post-inoculation (dpi), and nematode populations
were quantified under a stereomicroscope.

2.6. PTI assays

To detect ROS, four-week-old homozygous T3 Arabidopsis lines
were treated with 1 pmol L~ flg22, and ROS production was mea-
sured using a luminol-based chemiluminescence assay, as previ-
ously described [35]. For gene expression analysis, seedlings
were treated with flg22 following the same protocol, and total
RNA was extracted for transcript analysis. The expression levels
of AtWRKY33 (AT2G38470), AtWRKY30 (AT5G24110), and
AtWRKY29 (AT4G23550) were quantified by reverse transcription
quantitative PCR (RT-qPCR).

2.7. Yeast secretion assays

The yeast secretion assay was conducted following the method
described [36,37]. The predicted signal peptide (SP) sequence of
PcENG3 was synthesized and then introduced into the pSUC2 vec-
tor, which contains a truncated invertase gene (SUC2) lacking the
start codon (ATG). The resulting construct was subsequently trans-
formed into the yeast strain YTK12. Invertase enzymatic activity
was assessed by monitoring the reduction of TTC dye to insoluble,
red-colored triphenylformazan.

2.8. Synthesis of double-stranded RNA (dsRNA) and in vitro RNA
interference (RNAi)

The in vitro RNA interference (RNAi) assay was performed as
previously described [38]. A 409-bp PCR product carrying the T7
promoter was amplified from the PcENG3 of P. coffeae. Single-
stranded RNA (ssRNA) was synthesized using the ScriptMAX™
Thermo T7 Transcription Kit (TOYOBO, Osaka, Japan), and comple-
mentary sSRNAs were mixed and annealed to form double-
stranded RNA (dsRNA). Female P. coffeae were isolated from carrot
callus cultures and incubated with dsRNA targeting PcENG3 at a
concentration of 2 ng uL~!. After treatment, 30 female P. coffeae
were inoculated onto fresh carrot callus and incubated in the dark
at 25 °C for 60 d. Following the incubation period, the callus was
homogenized, and the numbers of nematodes and eggs were
quantified.

2.9. Virus-induced gene silencing

The SGN-VIGS tool (https://vigs.solgenomics.net) was used to
design specific silencing fragments targeting the PcENG3, ZmPDS,
and ZmTCTP2a cDNA sequences. These fragments were individually
cloned into the tobacco rattle virus RNA 2 (TRV2) vector, as previ-
ously described [39,40], and the resulting recombinant constructs
were transformed into Agrobacterium tumefaciens strain C58C1.
Virus-induced gene silencing (VIGS) in maize was performed as
follows: maize seeds were surface-sterilized, and the seed coats
were removed. Agrobacterium cultures containing TRV1 and TRV2
were mixed in equal volumes and applied to the seeds. The seeds
were then rinsed three times with sterile water before being sown
in sterilized nutrient soil. TRV-infected and wild-type maize plants
were inoculated with 1000 P. coffeae. Nematodes were collected at
15 d post-inoculation (dpi) for RT-qPCR analysis, as described
above, to assess gene silencing efficiency. Additionally, the P. cof-
feae population and related growth parameters of maize were eval-
uated at 60 dpi.
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2.10. Subcellular localization assay

The coding sequences of PcENG3 and ZmTCTP2a were ampli-
fied using gene-specific primers and cloned into the pGWC entry
vector. Subsequently, Gateway LR recombination was performed
to transfer the inserts into the destination vector pEar-
leyGate104, resulting in C-terminal GFP fusion constructs
(PcENG3-GFP and ZmTCTP2a-GFP). These constructs were intro-
duced into A. tumefaciens strain GV3101 and used for transient
expression in the leaves of four-week-old transgenic N. ben-
thamiana plants expressing the H2B nuclear marker. Leaf infiltra-
tion was conducted via Agrobacterium-mediated transformation,
and fluorescent signals were visualized 48 h post-infiltration
using a laser scanning confocal microscope (Nikon A1HD25,
Tokyo, Japan).

2.11. Yeast two-hybrid assay

The PcENG3 (excluding the signal peptide sequence) was
amplified and cloned into the pGBKT7 vector to serve as the bait
construct. This construct was introduced into Saccharomyces
cerevisiae strain Y2H Gold using the Matchmaker Gold Yeast
Two-Hybrid (Y2H) System (Clontech, Palo Alto, CA, USA). Yeast
co-transformation and interaction assays were performed as pre-
viously described [10]. To identify potential interacting partners
of PCENG3, a maize cDNA library was generated from mRNA iso-
lated from maize roots infected with P. coffeae at 2, 5, 8, and 10
d post-inoculation (dpi). The resulting cDNA fragments were
cloned into the pGADT7 vector and transformed into S. cerevisiae
strain Y187 using the Make Your Own “Mate & Plate” Library
System (Clontech, Mountain View, CA, USA). This library was
subsequently screened against the PCENG3 bait construct using
the Y2H assay.

2.12. Firefly luciferase complementation imaging (LCI) assay

The coding sequences (CDS) of PcENG3 and ZmTCTP2a were
amplified and cloned into the pCambial1300-cLUC and
pCambia1300-nLUC vectors to generate the PcENG3-nLUC and
cLUC-ZmTCTP2a constructs, respectively. Positive control con-
structs (SAR-cLUC and SGF-nLUC) were generated using the same
cloning strategy. All constructs were individually introduced into
A. tumefaciens strain GV3101 and co-infiltrated into N. benthamiana
leaves. At two d post-infiltration, leaf tissues were treated with
0.2 mmol L™! luciferin solution (Thermo Fisher Scientific, Waltham,
MA, USA), and luminescence was detected using a low-light cooled
CCD imaging system (NightOWL II LB983, Berthold, Bad Wildbad,
Germany).

2.13. Pull-down assay

The coding sequences of PCENG3 and ZmTCTP2a were amplified
and cloned into the pET-32a and pGEX-4 T-1 vectors to generate
the PcENG3-His and ZmTCTP2a-GST fusion constructs, respec-
tively. Each construct was individually transformed into E. coli
strain Transetta (DE3) for protein expression. The purified fusion
proteins were incubated together in 1x TBS buffer containing
1 mmol L~ PMSF at 4 °C for 1 h. Subsequently, 20 pL of glu-
tathione magnetic beads (Yeasen Biotech, Shanghai, China) were
added to the mixture, followed by an additional 1-hour incubation
at 4 °C. After incubation, the samples were boiled for 10 min in SDS
sample loading buffer. The eluted proteins were separated by
SDS-PAGE and analyzed by Western blotting using anti-His and
anti-GST antibodies (ABclonal Technology, Wuhan, Hubei, China).
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2.14. BiFC assay

The full-length coding sequence of PcENG3 (excluding the signal
peptide) was amplified and cloned into the pGWC entry vector, and
subsequently recombined into the pEarlyGate201-nYFP destina-
tion vector via Gateway cloning to generate the PCENG3-nYFP con-
struct. The ZmTCTP2a coding sequence was cloned into the
pEarlyGate201-cYFP vector to produce the cYFP-ZmTCTP2a con-
struct. Both constructs were introduced into A. tumefaciens strain
GV3101 and transiently expressed in N. benthamiana leaves
through agroinfiltration. At 48 h post-infiltration, YFP fluorescence
was observed using a laser scanning confocal microscope (Nikon
A1HD25, Tokyo, Japan), indicating potential protein—protein
interactions.

2.15. Ustilago maydis infection assay in maize

The susceptibility of maize to U. maydis infection was assessed
using 3-week-old maize plants. The U. maydis strains U02 and B48
were cultured at 25 °C until the optical density at 600 nm (ODggg)
reached 2.0. Equal volumes of the two cultures were mixed ata 1:1
ratio to prepare the inoculum. A total of 2 mL of the resulting sus-
pension was drawn into a syringe and injected into the whorl of
each maize plant. Prior to inoculation, the suspension was thor-
oughly mixed to ensure uniformity. Tumor formation was evalu-
ated at 30 dpi by counting the number of tumors per plant.

2.16. Protein extraction, sodium dodecyl sulphate polyacrylamide gel
electrophoresis and Western blot assay

Fresh N. benthamiana and A. thaliana leaves were collected and
ground into a fine powder using liquid nitrogen. A lysis buffer con-
taining 60% SDS, 100 mmol L~! Tris-HCl, and 2% p-mercaptoethanol
was added to prepare the lysate. Each protein sample was individ-
ually homogenized and then analyzed by SDS-PAGE. Detection was
carried out using specific primary antibodies, followed by incuba-
tion with secondary antibodies. The detection signal was visualized
using an imaging apparatus (GE Amersham Imager 680RGB, Bos-
ton, MA, USA).

3. Results
3.1. PcENG3 was a candidate effector involved in P. coffeae parasitism

PcENG3 was identified as a candidate effector based on RNA-seq
analysis. The PcENG3 protein shared over 95% sequence identity
with known endoglucanases (ENGs) and comprised 357 amino
acids, including a 21-amino-acid N-terminal signal peptide and a
predicted cellulase functional domain. To determine the spatial
expression pattern of PcENG3 in P. coffeae, in situ hybridization
was performed. Strong hybridization signals were detected in the
esophageal gland cell (EG) and gonads when the reverse RNA probe
was used (Fig. 1A), whereas no signal was observed with the sense
control probe (Fig. 1A). RT-qPCR analysis revealed that PCENG3 was
expressed throughout all developmental stages of P. coffeae, with
significantly higher transcript levels in adult females and males
(Fig. 1B; P < 0.05). During the initial phase of infection, PcCENG3
expression reached its maximum level at 2 dpi and subsequently
remained elevated, suggesting a pivotal role during the early stages
of parasitism (Fig. 1C).

To investigate the functional role of PcENG3, double-stranded
RNAs (dsRNAs) targeting PcENG3 and GFP (control) were applied
to mixed-stage nematodes. qRT-PCR analysis showed that PcENG3
dsRNA induced a maximum silencing efficiency of 62% after 36 h
of incubation (Fig. S1). Compared to controls, PcENG3-silenced
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P. coffeae caused significantly less tissue maceration in carrot callus
(Fig. 1D). Additionally, both nematode numbers and egg produc-
tion were significantly reduced by 26% and 27.5%, respectively
(Fig. 1E). These results suggested that PcCENG3 was critical not only
for parasitism but also for the reproductive success of P. coffeae.

3.2. PcENG3 encoded a secreted effector

To evaluate the functionality of the PCENG3 signal peptide (SP),
a yeast secretion assay was performed using invertase-mediated
conversion of sucrose as a readout. Yeast transformants expressing
the PcENG3-SP, similar to those expressing the known effector
Avr1b-SP (positive control), were able to grow on synthetic trypto-
phan (Trp) dropout medium supplemented with sucrose. This
growth indicated successful secretion of invertase, thereby restor-
ing the yeast’s ability to metabolize sucrose (Fig. 2). In contrast, the
untransformed YTK12 strain failed to grow under the same condi-
tions, and its culture remained colorless after TTC treatment. These
results demonstrated that the signal peptide of PCENG3 was func-
tional in directing protein secretion and supported the conclusion
that PcENG3 encoded a secreted effector protein.

3.3. Ectopic expression of PCENG3 promoted the infection of P. coffeae
and suppressed plant defense responses

To investigate the role of PcENG3 in plant-nematode interac-
tions, two independent transgenic Arabidopsis lines (PcCENG3-1
and PcENG3-2) expressing PcENG3 were generated. These lines
exhibited shorter primary roots and a lower number of lateral
roots than WT plants (Fig. S2). This suggested that PCENG3 might
have impacted the promotion of P. coffeae infection. The expression
of PCENG3 was confirmed at both the transcript and protein levels
by RT-qPCR (Fig. 3B) and Western blotting (Fig. S3), respectively.
To assess whether PCENG3 influenced plant immunity, PTI sup-
pression assays were performed. Following flg22 treatment, trans-
genic Arabidopsis lines expressing PCENG3 displayed significantly
reduced ROS accumulation compared to WT (Fig. 3A). Additionally,
transcript levels of key defense-related genes, including AtWRKY33,
AtWRKY30, and AtWRKY29, were markedly downregulated in
PcENG3-expressing plants following flg22 exposure (Fig. 3C). To
determine whether PcENG3 enhanced nematode parasitism, P. cof-
feae infection levels were assessed in the transgenic lines. At 30
dpi, the number of nematodes in PcCENG3-expressing plants was
significantly increased by 47% compared to WT (Fig. 3D). Collec-
tively, these findings indicated that PCENG3 functioned as an effec-
tor that interfered with host immunity and promoted P. coffeae
parasitism by modulating plant defense responses and root
development.

3.4. PcENGS3 silencing reduced P. coffeae parasitism

To elucidate the role of PcENG3 in the pathogenicity of P. coffeae
during host infestation, a Tobacco Rattle Virus (TRV)-mediated
RNA interference (RNAi) strategy was employed to suppress
PcENG3 expression in feeding nematodes within maize roots
(Figs. 4A, S4A). RT-qPCR analysis confirmed effective gene silenc-
ing, with a 58% reduction in PCENG3 transcript levels in nematodes
extracted from RNAi-treated plants compared to controls (Fig. 4D).
As indicated by Fig. 4B, the nematode population was reduced by
37% in maize plants with silenced PcENG3 at 60 dpi. Furthermore,
the average number of nematodes per gram of maize roots was
reduced by 35% (Fig. S4C). Nematode staining further revealed
fewer P. coffeae individuals in the RNAi-treated maize roots, indi-
cating enhanced plant resistance (Fig. 4C). Consistently, the fresh
shoot and root weights of RNAi-treated maize increased by 18%
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Fig. 1. Localization and expression profile of PcENG3 of P. coffeae. (A) In situ hybridization showed PcENG3 transcripts expressed in the esophageal gland (EG) and gonad of the
P. coffeae, which were hybridized with sense and antisense cDNA probes from PcENG3. S, stylet; MB, medium bulb; EG, esophageal gland; G, gonad; V, vulva; Sp, spicule. Scale
bars, 20 pm. (B) The developmental expression pattern of PcCENG3 was quantified by RT-qPCR. The results of RT-qPCR were calculated via the 2722 method. Values are
means + SE. (C) Expression profile of PcENG3 in planta. The results of RT-qPCR were calculated via the 2-*2T method. Values are means * SE. (D) dsRNA-PcENG3 mediated
RNA interference reduced the reproductive capacity of P. coffeae. Mock, blank control; WT, wild type; GFP, green fluorescent protein. (E) Suppressed the expression of the
PcENGS3 significantly reduced the pathogenicity of P. coffeae. Values are means + SD (n = 15). **, P < 0.01 by Student’s t-test.

and 25%, respectively, compared to the WT (Figs. 4D, S4B). These
findings suggested that PcCENG3 contributed to P. coffeae parasitism.

3.5. PcENG3 interacted with maize translationally controlled tumor
protein (ZmTCTP2a)

To identify host targets of PCENG3, a yeast two-hybrid (Y2H)
screen was performed using a maize cDNA library, with PCENG3
(lacking the signal peptide) as bait. Several candidate interacting
proteins were identified, among which the maize translationally
controlled tumor protein ZmTCTP2a (AF548024) was captured
most frequently-eight independent times-exhibiting strong inter-
action signals. To map the interaction region, two truncated ver-
sions of PcENG3, including BD-PcENG3 (amino acids 65-315),
were constructed. Four candidate proteins-ZmTCTP2a, a
senescence-associated protein (NMO001111815), a ubiquitin-
conjugating enzyme (XM035961568), and ZmHSP21 (a maize heat
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shock protein; EU958034)-were subjected to yeast cotransforma-
tion assays with PCENG3 (Table S1). Among these, only yeast co-
expressing PcENG3 and ZmTCTP2a grew robustly on SD/-Leu/-
Trp/-Ade/-His medium supplemented with X-o-Gal, indicating a
specific protein-protein interaction (Fig. 5A). To further confirm
this interaction, a GST pull-down assay was performed using
recombinant GST-tagged ZmTCTP2a and His-tagged PcENG3
expressed in E. coli. The results showed that PCENG3 was specifi-
cally pulled down by GST-ZmTCTP2a (Fig. 5B). Consistent with this,
split luciferase complementation imaging (LCI) in N. benthamiana
leaves confirmed the in vivo interaction between PcENG3 and
ZmTCTP2a (Fig. 5C), with SAR-cLUC and SGF-nLUC serving as a pos-
itive control.

To validate this interaction at the subcellular level, bimolecular
fluorescence complementation (BiFC) vectors were constructed by
fusing PCENG3 to the N-terminal half of YFP (nYFP) and ZmTCTP2a
to the C-terminal half (cYFP). Following Agrobacterium-mediated
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Avrib YTK12  PcENG3

Fig. 2. Validation of PcCENG3 SP with a yeast system. Yeast strain YTK12 was
transformed with either the empty vector pSUC2 (negative control), pSUC2-
PcENG3%F, or pSUC2-Avr1bSF (positive control). The transformed yeast strains were
then evaluated for growth on SD/-Trp medium and invertase activity using a
colorimetric TTC assay.

transient expression in N. benthamiana leaf cells, strong yellow flu-
orescence was observed in the nYFP-PCENG3 + cYFP-ZmTCTP2a
combination, but not in control samples (nYFP-PCENG3 + cYFP),
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confirming the interaction in planta (Fig. 5D). Furthermore, a sub-
cellular localization analysis was conducted by expressing
PcENG3-GFP and ZmTCTP2a-GFP in a transgenic N. benthamiana
line expressing the H2B nuclear localization protein marker
through transient expression. The results demonstrated that
PcENG3 and ZmTCTP2a predominantly localize to the cytoplasm
and nucleus (Fig. S5), consistent with the BiFC results. Collectively,
these findings demonstrated that PcENG3 specifically interacted
with ZmTCTP2a, both in vitro and in vivo, suggesting a potential
role in modulating host cellular processes during P. coffeae
parasitism.

3.6. Downregulation of ZmTCTP2a expression in maize increased
susceptibility to pathogen infection

To investigate the role of ZmTCTP2a in maize defense, TRV-
mediated virus-induced gene silencing (VIGS) was employed.
Silencing of ZmPDS, used as a visual marker control, resulted in
characteristic photobleaching symptoms in maize leaves
(Figs. 6A, S6). Silencing efficiency of ZmTCTP2a was confirmed by
RT-qPCR, revealing a significant 33% reduction in transcript levels
compared with the control (Fig. 6C). RNAi-ZmTCTP2a maize plants
exhibited a significant decrease in both shoot and root fresh weight
relative to wild-type plants at 60 dpi (Fig. 6C). Furthermore, the
quantification of nematodes revealed an approximate 19% increase
in the population of P. coffeae in the silenced lines (Fig. 6B, C). This
finding suggests that the silenced lines exhibit an enhanced sus-
ceptibility. Similarly, in the U. maydis infection assay, RNAi-
ZmTCTP2a plants developed significantly more and larger tumors
compared with wild-type plants at 30 dpi. Furthermore, several
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expression levels of Arabidopsis defense genes AtWRKY30, AtWRKY33, and AtWRKY29 in re
to WT (Col-0). Values are means + SD. *, P < 0.05; **, P < 0.01 by Student’s t-test. (D) P. coffe

sponse to flg22 were significantly reduced in transgenic Arabidopsis lines compared
ae infection was increased in transgenic Arabidopsis expressing PcENG3 as compared

to wild-type (Col-0) lines. The numbers of P. coffeae were counted at 30 dpi. Values are means + SD (n = 15). Different letters represent significant differences (P < 0.05 by one-

way ANOVA).
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Fig. 4. Host-derived TRV-mediated silencing of P. coffeae PCENG3 ectopic expression in the maize. (A) Maize phenotypes, treated with A. tumefaciens carrying TRV2-ZmPDS
exhibiting a photobleaching phenotype. No significant change was observed in the TRV2-empty and wild-type (WT) plants. (B) TRV-mediated RNAi of PcCENG3 in maize
reduced the ability of P. coffeae infection. Values are means * SD (n = 15), with distinct letters representing statistically significant differences (P < 0.05 by one-way ANOVA)
(C) The population of P. coffeae in the TRV2-PcENG3 roots of maize lines was decreased significantly compared with WT. Scale bars, 100 pm. (D) TRV-mediated RNAi of
PcENGS3 significantly increased the resistance of maize to P. coffeae infection. Pc18S was used as the internal control. GFP, green fluorescent protein. Values are means + SE
(n = 15), with different letters representing significant differences (P < 0.05 by one-way ANOVA).

maize varieties with the ZmTCTP2a silenced expression exhibited
significant differences in susceptibility to U. maydis. The sensitive
maize varieties (ZD958) displayed a significantly higher incidence
of larger and more numerous tumors, whereas the resistant vari-
eties (YD959 and YD8348) showed increased susceptibility to U.
maydis (Fig. 6D, E). Moreover, an analysis of defense-related genes
(ZmPAL, ZmLOX, and ZmSOD) in TRV2-ZmTCTP2a maize indicated
that the expression levels of these defense-related genes were sig-
nificantly reduced by 38%, 24%, and 38%, respectively (Fig. S7).
Together, these results demonstrated that ZmTCTP2a played a crit-
ical role in maize defense against both P. coffeae and fungal
pathogens.

3.7. Maize ZmTCTP2a influenced root development in maize through
the regulation of energy metabolism-related genes

Silencing of ZmTCTP2a significantly impaired primary root elon-
gation and reduced lateral root formation during the seedling stage
in maize (Fig. 7A, B). At later developmental stages, pronounced
reproductive defects were observed, male inflorescences failed to
produce pollen, while female ear development was abnormal
(Fig. 7C). These findings suggested that ZmTCTP2a was crucial for
both root development and reproductive growth. To further
explore its role in root development, the root tip structure was
examined using Safranin-fast green staining. Comparative analysis
between the TRV2-ZmTCTP2a and TRV2-GFP lines revealed distinct
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morphological differences (Fig. 7A). Root length was reduced 35%
in TRV2-ZmTCTP2a plants compared to the TRV2-GFP (Fig. S9C).
Additionally, root cap cell numbers were markedly decreased
45% (Fig. S9B), and both the apical meristem and root cap cells
exhibited signs of incomplete development (Fig. S9A). These
results indicated that ZmTCTP2a regulated root cell proliferation,
differentiation, and lateral root formation.

To investigate the role of ZmTCTP2a in maize energy metabo-
lism, we analyzed the expression of genes involved in key meta-
bolic pathways. Specifically, we focused on genes associated with
glycolysis (ZmHXK1, ZmHXK2, ZmPK1, ZmPK2, ZmPFK1, ZmPFK2,
ZmPFK3), the pentose phosphate pathway (PPP) (ZmG6PD1,
ZmG6PD2), and the tricarboxylic acid (TCA) cycle (ZmCS1). The
results revealed significantly downregulated expression of
ZmHXK1, ZmHXK2, ZmPK1, ZmPK2, ZmPFK1, ZmPFK3, ZmG6PD2,
and ZmCS1 (Fig. 7D, E). These findings demonstrated that
ZmTCTP2a played a key role in regulating genes involved in energy
metabolism.

4. Discussion

Effectors are critical molecular tools employed by sedentary and
migratory plant-parasitic nematodes. Such as RKNs and CNs, to
induce and maintain specialized feeding structures through the
manipulation of host developmental pathways [41,42]. A well-
characterized example is the H. glycines effector HgSYV46, which
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control. (C) The interaction between PCENG3 and ZmTCTP2a was assessed via a luciferase complementation assay (LCI). A series of plasmids were introduced into A.
tumefaciens, which were subsequently infiltrated into four discrete regions of N. benthamiana leaves. Luciferase activities were subsequently measured 2 dpi. The
measurement of luciferase activity was performed using a CCD imaging apparatus. A combination expressing SGF-nLUC + cLUC-SAR was used as a positive control. (D)
Bimolecular fluorescent complementation (BiFC) confirmed the interaction between PCENG3 and ZmTCTP2a in planta. PcCENG3 and ZmTCTP2a were individually fused with
the N-terminal (nYFP) and C-terminal (cYFP) halves of the yellow fluorescent protein (YFP). The YFP signal was detected by confocal microscopy at 48 h post-infiltration.

mimics the activity of the CLAVATA3/ESR (CLE) family in A. thali-
ana, thereby hijacking host signaling cascades to promote cell divi-
sion and feeding site formation [43]. In contrast, migratory
nematodes such as P. coffeae do not establish permanent feeding
sites, and whether they utilize similar effector-mediated strategies
to modulate host development has remained largely unexplored.
Our study provided evidence that P. coffeae employs a novel B-
1,4-endoglucanase effector PCENG3 and demonstrated that PcCENG3
was expressed in esophageal glands and played a pivotal role dur-
ing P. coffeae parasitism. It exerted a physical interaction with
maize translationally controlled tumor protein (ZmTCTP2a). This
interaction led to the suppression of normal root development,
contributing to enhanced parasitism. Members of the endoglu-
canase (ENG) family are widely conserved across nematode species
and have been implicated in cell wall degradation and host inva-
sion [21,22,44], but our findings highlight an additional role for
PcENG3 in modulating host regulatory networks.

To facilitate their intracellular migration, plant-parasitic nema-
todes (PPNs) secrete an array of cell wall degrading enzymes
(CWDEs), such as B-1,4-endoglucanase (ENGs), which facilitate cell
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wall loosening and tissue penetration. Comparative genomic anal-
yses have revealed that genes encoding CWDEs are consistently
present in PPNs but absent in free-living and non-parasitic plant-
associated nematodes, highlighting their evolutionary linkage to
parasitism [45]. The cellulase Pv-eng-1 from P. vulnus and the pec-
tate lyases Bx-pel-1 and Bx-pel-2 from Bursaphelenchus xylophilus
have been shown to degrade host plant cell walls, a process that
plays a critical role in facilitating nematode invasion and intercel-
lular migration [22,46]. Among PPNs, Meloidogyne spp. possess the
most extensive CWDE repertoire, with 81 predicted genes, a fea-
ture potentially underpinning their remarkably broad host range
[47]. These results provide compelling evidence that ENGs play a
pivotal role in facilitating nematode parasitism.

TCTP is a highly conserved protein found in all eukaryotes, ini-
tially identified in Mus musculus fibroblasts [48]. It functions in
diverse cellular processes, including cell proliferation, growth,
apoptosis, and responses to abiotic and biotic stresses [49]. In
plants, TCTP has emerged as a central regulator of growth and
development. For example, A. thaliana TCTP loss-of-function
mutants exhibit severe developmental defects and premature



S. Wang, K. Wang, F. Lin et al.

A
TRV2-ZmTCTP2a TRV2-ZmPDS
C 1.5 £ 25,000
=t
5 § T 20,000
g5 1.04 g
&2 < 15,000
3§ H
[ .
295 sl § 10,000
32 g
X o S 50004
g
0- << 0-

ZD958

YD959 YD8348 ZD958 YD959

YD8348

WT TRV2-ZmTCTP2a

The Crop Journal 14 (2026) 388-399

150 359 a

a
3 © ‘.
b= = .
2 100+ S 30
= g
é 50 g 25
A £ 254
3 8
LI‘: w
0- 20-
@ @Q\’* ,ﬁQq:b OQQ
,-1;@ «O A’V
N &
& A5 A
XV
&
%%k
_ 40+
&
{7
§ 30+ -I_ = WT
g = TRV2-ZmTCTP2a
@ * %k
£ 204 o
3
£
2
% 104
2
2 Ea =
C L] ]

1
ZD958 YD959 YD8348
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senescence [27]. In maize, we showed that silencing of ZmTCTP2a
significantly impaired primary and lateral root development and
led to reproductive abnormalities during late developmental
stages, underscoring its importance in tissue-specific cell division
and differentiation.

Beyond its developmental functions, TCTP has been increasingly
recognized as a component of immune signaling [50]. Recent evi-
dence suggests that TCTP can be secreted and may participate in
defense responses. Notably, TCTP homologs from parasitic species
such as Plasmodium falciparum and Schistosoma mansoni have been
detected in the bloodstream of infected hosts, where they are asso-
ciated with immune modulation and inflammatory responses [51].
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In plants, M. enterolobii secretes a TCTP-like effector, MeTCTP,
which is highly expressed in the dorsal esophageal gland and func-
tions to suppress host programmed cell death, thereby facilitating
parasitism [52]. This convergent strategy suggests that TCTP repre-
sents a valuable molecular target for parasitic organisms seeking to
suppress host immunity. Our findings indicated that transgenic
Arabidopsis plants expressing PcCENG3 showed lower ROS produc-
tion and lower expression of PTI marker genes compared with
WT plants after being treated with flg22. These changes correlated
with increased susceptibility to P. coffeae, strongly suggesting that
PcENG3 interfered with immune responses. Likewise, ZmTCTP2a
silencing in maize enhances susceptibility not only to P. coffeae
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but also to U. maydis. These results revealed a previously uncharac-
terized role for TCTP in defense against diverse pathogens and sug-
gested that nematodes may coopt host TCTP to create a permissive
environment for infection. Similarly, the MjTTL5 effector from M.
javanica has been shown to interact with the thioredoxin reductase
catalytic subunit (AtFTRc) in A. thaliana, enhancing the scavenging
of ROS to suppress PTI [53]. This modulation of the host redox state
facilitates nematode infection and compromises plant resistance.
M. incognita effectors calreticulin (MiCRT) have been shown to
downregulate the expression of defense-related genes, thereby
attenuating plant immune responses [54,55]. M. incognita effector
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MiCE108 specifically targets the A. thaliana cysteine protease
RD21A and promotes its degradation through the endosomal traf-
ficking pathway or the 26S proteasome system. This targeted
degradation leads to a reduction in RD21A protease activity,
thereby attenuating plant immunity mediated by papain-like cys-
teine proteases (PLCPs) [56].

Furthermore, we showed that suppressed ZmTCTP2a expression
affected key genes involved in energy metabolism, aligning with
the regulatory roles of PcCENG3 and ZmTCTP2a. Recent studies sug-
gest that pathogens frequently target energy metabolism to influ-
ence host development and susceptibility. For instance, Botrytis
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cinerea alters glycolytic and PPP pathways in A. thaliana to promote
tissue necrosis [57]. Similarly, M. incognita modulates root energy
metabolism to establish feeding sites in hosts [58], and Fusarium
graminearum in maize disrupts carbohydrate and amino acid meta-
bolism to weaken resistance [59]. Furthermore, Ralstonia solana-
cearum alters metabolic gene expression in tomato,
compromising vascular integrity [60]. Together with our results,
these studies underscore the central role of energy metabolism
in regulating host development and immunity. ZmTCTP2a may
act as a molecular hub that integrates metabolic flux with defense,
where its silencing disrupted this balance, promoting pathogen
colonization and impairing growth.

In conclusion, this study identified PCENG3 as a novel effector
from P. coffeae that modulated host cell function by suppressing
ZmTCTP2a, thereby facilitating nematode parasitism. These find-
ings contribute to our understanding of effector diversity in migra-
tory nematodes and highlight a mechanism by which RLNs
promote infection by targeting conserved regulators of develop-
ment and immunity. Unraveling such interactions will not only
improve our understanding of host-pathogen co-evolution but
may also inform the development of new strategies for durable
nematode resistance.

5. Conclusions

This study identified PcENG3, a novel B-1,4-endoglucanase
effector from P. coffeae, as a critical virulence factor that facilitated
nematode parasitism by targeting the maize protein ZmTCTP2a.
PcENG3 was specifically expressed in the nematode’s esophageal
glands and gonad, and was secreted during parasitic stages. Func-
tional analyses demonstrated that PCENG3 suppressed host immu-
nity and enhanced susceptibility through direct interaction with
ZmTCTP2a, a key regulator of cell proliferation and immune
responses. Silencing PcENG3 significantly impaired nematode
infectivity, while transgenic expression of PcCENG3 in A. thaliana
inhibited flg22-induced ROS production. Moreover, suppression
of ZmTCTP2a in maize increased plant vulnerability to P. coffeae
and other pathogens. These findings reveal an uncharacterized
effector-host interaction mechanism and underscore how P. coffeae
manipulates host cellular processes to establish infection. This
study deepens our understanding of nematode pathogenesis and
offers a promising target for developing nematode-resistant crops.
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Root-lesion nematode (RLN), Pratylenchus zeae Graham, 1951, is a
serious nematode pest in a number of agronomic and industrial crops (Liu
et al. 2017). Wheat (Triticum aestivum) is one of the most important food
crops in Anhui Province of China. In May 2023, a survey was conducted for
RLNs in winter wheat fields in Woyang County of Bozhou City, Anhui
Province, China. The samples were collected approximately 20 days before
wheat (cv. Gushenmai 19) harvest. The plants were growing poorly, with
distinct brown lesions on the wheat roots. The RLNs were extracted with the
modified Baermann funnel apparatus (Hooper et al. 2005). The RLNs were
found in eight collected samples, an average of 51 nematodes per gram of
root and 128 nematodes per 100 cm® of soil. The extracted RLNs were
disinfected with 0.3% streptomycin sulfate, and one individual female
nematode was cultured on carrot disks at 25°C for propagation (Wang et al.
2021). The RLN species identification was based on morphological and
molecular criteria. The main morphological measurements of adult females
(n = 15) included body length = 490.5 um (mean) + 13.1 (SD) (range =
471.3 to 523.1 um), stylet length = 16.1 um =+ 0.7 (14.0 to 16.9 pm), tail
length =27.3 ym + 5.3 (18.9 to 34.1 um), a =24.8 + 1.8 (21.9t0 27.8),b =
52+03(4.5t05.9),c=17.8+1.9(14.9 t0 20.3), and two annules on the lip
region. No males were found in the specimens. The morphological char-
acters of this population are consistent with P. zeae as described previously
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(Castillo and Vovlas 2007). Furthermore, the individual female was used for
the molecular identification, and the DNA was extracted as described
previously (Wang et al. 2011). The primers D2A/D3B (Subbotin et al. 2006)
and TW81/AB28 (Vovlas et al. 2011) were used to amplify the rDNA 28S
D2-D3 region and the rDNA-internal transcribed spacer (ITS) region, re-
spectively. The PCR products were sequenced, and the newly obtained
sequences of the rDNA 28S D2-D3 region (782 bp) and the rDNA-ITS
region (669 bp) were submitted to NCBI. The obtained 28S D2-D3 re-
gion sequence (GenBank accession nos. PQ859281 and PV083139) had
100% identity with P. zeae sequences available from GenBank
(KY424256 and KY424263). The obtained ITS sequences in this study
(PQ857687 and PV089700) had more than 98% identity with P. zeae se-
quences available from GenBank (OP456372 and OP466367). Both mor-
phological and molecular data confirmed the presence of P. zeae. To validate
the reproductive capacity of the RLNs on winter wheat, a greenhouse ex-
periment was conducted at 25°C, following the modified Koch’s postulate
protocol. Wheat plants were grown in eight 1.5-liter pots, and each with three
plants (cv. Gushenmai 19) was inoculated with 1,000 P. zeae. Two months
after inoculation, the wheat roots were washed, and brown lesions were
observed. RLNs in the soil and roots were extracted as previously described,
and the population was found to have increased substantially. The average of
final number of nematodes per pot was approximately 1,859 in soil and
793 in roots. The reproduction factors (final population/initial population)
were greater than 1 (mean 2.65). Those results confirmed that this nematode
population infects and reproduces well on this wheat cultivar. P. zeae has
only been reported on winter wheat in Shanxi Province of China (Liu and Liu
2007). To our knowledge, this is the first report of P. zeae infecting winter
wheat in Anhui Province of China. Since P. zeae can cause considerable
damage to winter wheat, strategic measures should be taken to prevent the
spread of P. zeae to other regions.
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ABSTRACT: Pratylenchus coffeae, a damaging root-lesion nematode, secretes effectors to manipulate host processes and promote
parasitism. Here, we characterize PcCENG2, a f-1,4-endoglucanase localized in the nematode esophageal gland cells and secreted
during infection. PcCENG?2 expression is upregulated during the early parasitic stage of P. coffeae. PCENG2 promotes cell wall and
callose degradation, as demonstrated by immunolocalization and immunoelectron microscopy. It also suppresses host reactive
oxygen species (ROS) production and enhances susceptibility to P. coffeae when ectopically expressed in Arabidopsis. PCENG2
directly interacts with maize (Zea mays L.) chitinase, a key defense-related protein. This interaction suppresses chitinase enzymatic
activity and protects nematode eggs from degradation. Virus-induced gene silencing (VIGS) demonstrated that ZmCHIS is essential
for broad-spectrum nematode resistance in maize. Collectively, these findings identify PCENG2 as a key effector that modulates host
immunity to promote P. coffeae infection.

KEYWORDS: Pratylenchus coffeae, effector, maize chitinase, interaction, plant immunity

1. INTRODUCTION ENGs are widely conserved and found in archaea, bacteria,
fungi, insects, and animals.'”'* In RLNs, ENGs randomly
cleave f-1,4-glycosidic bonds in cellulose, generating oligo-
saccharides that not only aid in physical penetration but also
activate plant basal immunity, including pattern-triggered
immunity (PTI) and reactive oxygen species (ROS)
production.'>'* Although plant ROS signaling plays a central
role in restricting nematode invasion, the mechanisms by
which plant—parasitic nematodes suppress ROS-mediated
defenses remain poorly defined.'”'® Notably, a recent study
reported that an effector from Bursaphelenchus xylophilus
inhibits host ROS accumulation by directly interacting with a
class III peroxidase, hi%hlighting a novel strategy for nematode
immune suppression.'” Most effectors produced by plant—
parasitic nematodes aid parasitism by countering plant defense
mechanisms."® For example, MiCTL1, a Meloidogyne incognita
C-type lectin-like effector, has been shown to interact with
plant catalases, thereby modulating the redox balance of host
defense responses, thus promoting the establishment of
parasitism.lg

Plant chitinases, particularly class I and II glycoside
hydrolase family 19 (GH19) enzymes, play a pivotal role in
plant immunity by hydrolyzing chitin, a key structural
component of fungal cell walls and certain nematode
eggshells.”® Several studies have shown that plant chitinases

Plant—parasitic nematodes (PPNs) are major threats to global
agriculture, causing estimated annual losses exceeding US$150
billion." Recent changes in agricultural practices and environ-
mental conditions, including global warming, water scarcity,
and continuous straw return, have exacerbated their impact on
crop production.” Among them, root-lesion nematodes
(RLNSs) are highly prevalent and cause substantial economic
damage, which has likely been underestimated.’

During migration and feeding, RLNs secrete a suite of
effector proteins into host cells via their stylets. These effectors
facilitate nematode invasion, migration, and suppression of
host immune responses.”> Among these effectors, S-1,4-
endoglucanases (ENGs) are key cell wall-degrading enzymes
that enable nematode entry and migration by breaking down
plant cell walls.”” The plant cell wall serves the first physical
barrier against pathogen invasion, and its enzymatic degrada-
tion is prerequisite for successful parasitism.3’8

Molecular cloning and characterization of ENGs in several
migratory and sedentary nematodes have revealed structural
and functional diversity. For instance, Pratylenchus penetrans
expresses two ENGs (Pp-eng-1 and Pp-eng-2), differing in the
presence of a cellulose-binding domain (CBD), reflecting
potential functional specialization.” Similarly, two ENGs from
Ditylenchus destructor (Dd-eng-1a and Dd-eng-2) were shown to
be secreted from subventral pharyngeal glands and display
strong cellulase activity. Notably, silencing these genes Received: May 20, 2025 OO CHEMSTAY
significantly reduced nematode infectivity, underscoring their Revised:  September 30, 2025
crucial roles in parasitism.'’ These findings highlight the Accepted: October 1, 2025
conserved yet diversified nature of ENGs in plant—parasitic Published: October 16, 2025
nematodes and provide the rationale for investigating specific
ENG functions in P. coffeae.
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are upregulated upon nematode infection and contribute to
resistance by degrading the chitin-rich structures of nematodes,
such as the eggshell and cuticle.”' ™’ In Arabidopsis, over-
expression of chitinases conferred enhanced resistance to cyst
and root-knot nematodes.”” Conversely, some pathogens and
parasitic nematodes have evolved effectors that interfere with
chitinase-mediated defense. For instance, the fungal pathogen
Verticillium dahliae secretes effectors that bind and inhibit plant
chitinases to facilitate colonization.”**® However, direct
suppression of host chitinase activity by nematode effectors
remains poorly understood.

PPNs have evolved highly sophisticated strategies to
manipulate host cellular processes and suppress immune
responses, thereby ensuring successful parasitism. A key aspect
of this interaction is the secretion of effector proteins into host
tissues via the nematode’s stylet. These effectors operate
through various mechanisms, including modulating host
transcription, suppressing immune signaling, altering hormone
balance, and remodeling cell walls and plasmodesmata.m’27 In
response, host plants activate a range of defense mechanisms
upon nematode invasion, such as PTI, effector-triggered
immunity (ETI), cell wall reinforcement, and the production
of ROS and antimicrobial proteins.”**” However, nematodes
can evade or suppress these defense responses through their
effector proteins. For instance, some cyst and root-knot
nematode effectors have been shown to directly interfere with
MAP kinase signaling and salicylic acid biosynthesis, thus
inhibiting the host’s immune responses.””””*" While signifi-
cant progress has been made in understanding the functions of
effectors in sedentary nematodes, the molecular mechanisms
by which migratory nematodes, such as Pratylenchus spp.,
manipulate host immunity remain largely unexplored.

While extensive research has focused on sedentary
nematodes such as Meloidogyne and Heterodera, less is known
about the effector-mediated strategies employed by migratory
species like P. coffeae. In this study, we investigate the
interaction between the ENG effector PCENG2 from P. coffeae
and maize chitinase ZmCHIS, a key defense-related enzyme
that targets nematode eggs and cuticles. We demonstrate that
PcENG?2 inhibits ZmCHIS activity, thereby attenuating host
defense responses and promoting nematode parasitism. These
findings reveal a novel mechanism by which P. coffeae
suppresses maize immunity, providing new insights into host-
nematode molecular interactions.

2. MATERIALS AND METHODS

2.1. Nematodes and Plant Materials. The carrot callus tissue
was prepared following previously described.*” Various populations of
P. coffeae were subjected to surface disinfection with a 0.3%
streptomycin sulfate solution for a period of 8 h, after which the
samples were rinsed with double-distilled water. The nematode
populations were then introduced onto the carrot callus tissue.
Surface-sterilized maize (Zhengdan 958) seeds were planted into pots
containing a mixture of soil and substrate (1:1) and cultivated under a
16 h light cycle at 22 °C. Seeds of Arabidopsis thaliana (ecotype
Columbia, Col-0) were planted on MS medium plates (4.7 g/L
Murashige & Skoog containing vitamins, 20 g/L sucrose, pH 5.7, 3.5
g/L Gelam Gum). Nicotiana benthamiana plants and A. thaliana
cultivated under a 16 h light cycle at 22 °C.

2.2. Sequence Analysis. The PcENG2 sequence was retrieved
from P. coffeae RNA-seq data. The identification of structural domains
of the protein was achieved by the National Center for Biotechnology
Information (NCBI) database (https://www.ncbinlm.nih.gov). Se-
quence alignment analysis was conducted using DNAman software.

2.3. RNA Extraction, cDNA Synthesis, and RT-qPCR. Total
RNA was extracted from P. coffeae and maize was performed via the
RNAiso Plus (Takara D9108A, Kyoto, Japan). The synthesis of
complementary DNA (cDNA) using Prime Script Reverse Tran-
scriptase (Takara, Tokyo, Japan), and real-time quantitative PCR
(RT-qPCR) were conducted with the SuperPrep II Cell Lysis & RT
Kit (TOYOBO SCQ-501, Osaka, Japan). The subsequent analysis of
the data was conducted utilizing the 2722 method.> P. coffeae Pc18s
(MG906739), maize ZmActin (J01238) or Arabidopsis AtActin2
(ES659082) served as internal reference genes. Each reaction
comprised at least three biological replicates, with each including
four technical repeats. A comprehensive list of primers utilized in this
study is provided in Table S3.

2.4. In Situ Hybridization and Immunolocalization of P.
coffeae on Maize. The PcENG2 fragment was generated through
PCR amplification using specific primers (Table S3). The in situ
hybridization experiments was conducted on P. coffeae following
previously described.'”** A polyclonal antibody targeting PcENG2
was produced by ABclonal Biotechnology (Wuhan, China) using 75—
259 aa of the complete protein sequence, excluding the signal peptide.
The specificity of the anti-PcENG2 antibody was evaluated through
the implementation of western blot analysis. After a 2 day infection of
maize roots with P. coffeae, the roots were subjected to paraffin
embedding, sectioning, dewaxing, and hydration procedures.19 The
tissue sections were subsequently treated with 3% BSA (Solarbio,
Beijing, China) for 30 min. The maize root sections were
subsequentily incubated 2 h at 15 °C with an anti-PcENG2 antibody
(diluted 1:300). The sections were incubated with CY3-conjugated
goat anti-rabbit IgG (H + L) (diluted 1:200) (ABclonal
Biotechnology, Wuhan, China) at 25 °C for 1 h. The sections were
subsequently rinsed 1 min three times with sterile water and
incubated with DAPI (Solarbio, Beijing, China) in the dark. Imaging
was performed via confocal microscopy (Nikon A1HD2S, Tokyo,
Japan) and scanner (Pannoramic MIDI, Budapest, Hungary).

2.5. PcENG2 Transgenic Arabidopsis Plants. The PcENG2
coding sequence lacking signal peptide was cloned into the modified
pEarleyGate 202 binary vector to construct pEarleyGate 202-
PcENG2. The construct was introduced into Agrobacterium
tumefaciens strain GV3101 and used to transform wild-type (WT)
A. thaliana ecotype Columbia-0 (Col-0) following the floral dip
method.*® The selection of transgenic plants was conducted on MS
plates containing BASTA.>" Homozygous T3 seeds of transgenic
Arabidopsis lines were verified by PCR. To assess the effect of
PcENG2 expression on nematode infection, Arabidopsis lines were
inoculated with 200 P. coffeae. The roots were gently washed,
collected, and nematode populations were quantified at 35 days post-
inoculation (dpi). Each infection assay included over 20 replicate
plants, with three independent replicates conducted.

2.6. PTI Assays. For the reactive oxygen species detection assay,
four-week-old A. thaliana seedlings were treated with 1 uM flg22 and
carried out in a manner consistent with the luminol-based method
that had previously been described.>® For RNA extraction, A. thaliana
seedlings treated with flg22 were prepared as described above. The
transcript abundances of AfWRKY33 (AT2G38470), AtWRKY30
(ATS5G24110), and AtRBOHF (AT1G64060) were assessed by RT-
qPCR.

2.7. Virus-Induced Gene Silencing (VIGS) of PcENG2. The
tobacco rattle virus RNA 2 (TRV2) vector was used to clone cDNA
fragments specific for silencing PcENG2 and ZmPDS, as described
previously.”” The coding fragments of PCENG2 were amplified and
inserted into TRV2 to generate the TRV2-PcENG2 construct and
then transformed into the A. tumefaciens strain C58C1. Maize seeds
were surface sterilized and removed seed coats gently. Subsequently,
an equivalent volume of A. tumefaciens containing a mixture of TRV1
and TRV2 with corresponding fragments was infiltrated into maize
seeds. The mixture was then incubated at 100 rpm in the dark for 18
h. Individual maize plants were then inoculated with 1000 P. coffeae.
After 60 days, the abundance of P. coffeae in the maize roots and maize
growth were assessed. The efliciency of the gene silencing was
detected by performing RNA extraction from the maize roots in

https://doi.org/10.1021/acs jafc.5c06425
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different treatment groups via the TRIzol liquid nitrogen grinding
method. Each treatment consisted of at least 20 maize plants with
three biological replicates.

2.8. Subcellular Localization Assay. Target-specific primers
(Table S3) were used to amplify the coding sequences of PcENG2
and ZmCHIS via PCR. The amplified sequences were then cloned
into the pGWC initial vector and subsequently subjected to gateway
recombination with pEarleyGate104-GFP. This process generated the
constructs PcENG2-GFP and ZmCHIS-GFP, which were cloned into
the A. tumefaciens strain GV3101. These constructs were transiently
expressed in 4-week-old N. benthamiana leaves through agro-
infiltration. After 48 h, the infiltrated leaves were imaged using a
laser scanning confocal microscope (Nikon AIHD2S, Tokyo, Japan).

2.9. Yeast Two-Hybrid (Y2H) Assay. The coding sequence of
PcENG2 (lacking the signal peptide) was amplified and cloned into
the pGBKT?7 vector to serve as bait. This construct was introduced
into the Saccharomyces cerevisiaee Y2H Gold strain using the
Matchmaker Gold Yeast Two-Hybrid (Y2H) System (Clontech,
Palo Alto, CA, U.S.A.). Yeast cotransformation and interaction tests
were performed as previously described.'” To identify potential
interacting partners of PcENG2, a maize cDNA library was
constructed from mRNA isolated from maize roots infected with P.
coffeae at 2, S, 8, and 10 dpi. The cDNA fragments were cloned into
the pGADT?7 vector and transformed into the S. cerevisiae Y187 strain
using the Make Your Own “Mate & Plate” Library System (Clontech,
Mountain View, CA, U.S.A.). This library was then used to screen for
interactions with the PcCENG2 bait construct in a Y2H assay.

2.10. Firefly Luciferase Complementation Imaging Assay.
The coding sequences (CDS) of PcENG2 and ZmCHIS were
amplified and inserted into pCambial300-cLuc or pCambial300-
nLuc to generate PCENG2-nLuc and cLuc-ZmCHIS construct. The
positive controls (SAR-cLuc and SGF-nLuc) were generated via the
same method. These constructs were separately introduced into A.
tumefaciens strain GV3101 and subsequently infiltrated into N.
benthamiana leaves. The leaves were examined 2 days after being
reinfiltrated with a 0.2 mM luciferin solution (Thermo Scientific,
U.S.A.). Luciferase activity was assessed via a low-light cooled CCD
imaging system (Berthold NightOWL II LB983, Bad Wildbad,
Germany).

2.11. BiFC Assay. The complete coding sequence of PcENG2
lacking the signal peptide was subjected to amplification and
subsequent cloning into the pGWC initial vector, followed by
gateway recombination with pEarlyGate201-nYFP to create the
PcENG2-nYFP construct. ZmCHIS was cloned into pEarlyGate201-
cYFP to produce the cYFP-ZmCHIS construct. The GV3101 strain
was used for the transformation of constructs and was transiently
expressed in N. benthamiana leaves by agroinfiltration. After 48 h, YEP
fluorescence was assessed using a laser scanning confocal microscope
(Nikon A1IHD2S, Tokyo, Japan). YFP fluorescence was collected at
wavelengths ranging from 525—570 nm.

2.12. Pull-Down Assay. The coding sequences of PcENG2 and
ZmCHIS were amplified and inserted into pET-32a or pGEX-4T-1 to
generate PcENG2-His and ZmCHIS-GST construct. All the
constructs were transformed individually into the Escherichia coli
strain Rosetta2 (DE3) for protein expression. Combined and
incubated purified ZmCHIS-GST and PcENG2-His in 1X TBS
buffer supplemented with 1 mM PMSF at 4 °C for 1 h. Next, added
20 uL of glutathione magnetic beads (Yeasen Biotech, Shanghai,
China) to each sample and further incubated the samples at 4 °C for 1
h. The samples were boiled individually for 10 min in sodium dodecyl
sulfate (SDS) sample loading buffer. The eluted proteins were
analyzed by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE) and subsequently immunoblotting with anti-
His and anti-GST antibodies (ABclonal Technology, Wuhan, China)
in western blot analysis.

2.13. Generation of the ZmCHI5 Transgenic Maize Plants
and the Broad-Spectrum Resistance to Pratylenchus spp.
Infection Assay. To assess the silencing efficiency of ZmCHIS in the
maize lines, RT-qPCR was employed, following a similar method-
ology as previously described.’” The maize lines were inoculated with

1000 P. coffeae. After 60 days, the nematode and various maize growth
parameters, were collected and quantified. Each experimental
treatment group consisted of more than 1S5 maize plants, and the
experiment was independently replicated three times. The TRV-
mediated ZmCHIS RNAi maize was inoculated with four species of
nematodes: P. coffeae, P. zeae, P. scribneri, and P. thornei, to evaluate its
resistance to infection. After 60 days, the nematodes were counted via
the modified Baermann funnel method.

2.14. Immunogold Labeling for Transmission Electron
Microscopy. Roots from maize plants were collected at 2 dpi.
They were fixed in a solution containing 1.5% glutaraldehyde
precooled 100 mM PBS (pH 7.4) for 3 h at 25 °C. After three 2
min washes in PBS, the samples were embedded in LR White resin
(Sigma, U.S.A.). Ultrathin sections (70 nm) were sliced using an
ultramicrotome (Leica EM UC-7, Wetzlar, Germany) and mounted
on nickel grids. The grids were blocked with TBST containing 1%
BSA for 1 h at 20 °C. Primary anti-PcENG2 antibodies (ABclonal
Biotechnology, China; 1:500) were applied overnight incubation.
Secondary goat antirabbit antibodies conjugated to 10 nm gold
particles (Sigma G7402; 1:20) were subsequently incubated for 30
min, followed by TBST and double-distilled water washes. The
samples were captured using a transmission electron microscope
(Hitachi HT7800, Tokyo, Japan).

2.15. Scanning Electron Microscopy Analysis on the
Ovicidal Activity of Chitinase. The P. coffeae eggs were collected
from the carrot culture medium, rinsed with sterile water, and the
impact of ZmCHIS on the eggs was assessed via a suspension
containing 1000 eggs. The suspension was incubated with ZmCHIS
expressed in vitro at 25 °C for 36 h.*® To confirm the nematocidal
activity of ZmCHIS, ZmCHIS was heated at 100 °C for 10 min
followed by immersion in a 10 min ice bath, after which the nematode
eggs were treated for 24 h and 48 h, and the hatching rate was
observed under a dissecting microscope. To evaluate the impact of
ZmCHIS on the development of the P. coffeae eggs, scanning electron
microscopy (SEM) analysis was conducted following the steps of a
previous method.” The eggs were fixed in glutaraldehyde at 4 °C,
washed three 15 min times with 0.1 M phosphate buffer (pH 7.4).
Next, the samples were fixed in 1% osmium tetroxide (Ted Pella, Inc.)
in a 0.1 M phosphate buffer (PBS, pH 7.4) at room temperature for 2
h, followed by three 15 min washes with a 0.1 M PBS (pH 7.4).
Dehydration was carried out using a gradient of ethanol samples (30,
50, 70, 90, 95, and 100%) for 15 min. The samples were dried in a
critical point dryer (Quorum K850, East Sussex, England) and then
sputter-coated with gold for 30 s on both sides of the conductive
carbon film via an ion sputtering apparatus.”” The dried samples were
mounted on metallic stubs using carbon adhesive tabs and sputter-
coated with gold for 30 s. Subsequently, photomicrographs were
captured using a scanning electron microscope (Hitachi SU8100,
Tokyo, Japan).

2.16. Protease Activity Assays. Protease activivity assays were
performed as described.”® Protein concentrations were determined via
a BCA protein quantification kit (Sangon Biotech, Shanghai, China).
His-PcENG2 and boiled that were combined with GST-ZmCHIS,
thoroughly mixed, respectively. To determine chitinase activity, 100
uL of enzyme solution (0.1 mg/mL), citrate—disodium hydrogen
phosphate buffer (PBS), and 2% colloidal chitin (pH 7.0) were
separately reacted at 50 °C for 10 min. The reaction was terminated
by boiling in a water bath and then rapidly cooled by ice—water
mixture. Subsequently, dinitrosalicylic acid (DNS) reagent induced
color development. The samples were then transferred to an enzyme
plate, and absorbance was measured at 540 nm. For the blank control,
PBS buffer was mixed with 2% colloidal chitin (pH 7.0) as the blank
control. Chitinase activity was subsequently determined using a
standard curve. Each experimental condition was performed in
triplicate to ensure reproducibility and accuracy.

2.17. Protein Extraction, SDS—PAGE, and Western Blot
Analysis. The freshly collected N. benthamiana and A. thaliana leaves
were ground into a fine powder via liquid nitrogen. The lysate was
prepared by adding a lysis buffer consisting of 60% SDS, 100 mM
Tris—HC], and 2% p-mercaptoethanol.*' Each protein sample was

https://doi.org/10.1021/acs jafc.5c06425
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Figure 1. Localization and expression profile of the P. coffeae effector PCENG2. (A) In situ hybridization (ISH) showed PcENG2 transcripts
expressed in the esophageal gland (EG) of P. coffeae. S, stylet; M, median bulb; EG, esophageal gland. Bars, 20 um. (B) PcENG2 localization was
examined in sectioned maize roots and P. coffeae using immunolocalization with anti-PcENG2 antibody (1:200). Fluorescence was detected using a
CY3-labeled goat anti-mouse IgG secondary antibody. The PcENG2 signal, indicated by red arrows, was observed in the nematode. N, nematode;
Bars, 200 um. (C) Expression profile of PcENG?2 in planta. The results of RT-qPCR were calculated via the 2744 method. The standard deviation
of three technical replicates and biological replicates was calculated, and the experiment was repeated three times. The bars represent the mean +
SE. Distinct letters represent statistically significant differences (p < 0.0S, one-way ANOVA). (D) Expression profile of PCENG2 in the P. coffeae.
The relative expression level of PC(ENG2 was quantified using RT-qPCR, and the fold-change values were calculated using the 2722 method. The
bars represent the means + SE. Distinct letters represent statistically significant differences (p < 0.0S, one-way ANOVA).

homogenized individually and then subjected to SDS—PAGE analysis.
Detection was performed using specific primary antibodies, followed
by incubation with secondary antibodies. The detection signal was
visualized via an imaging apparatus (GE Amersham Imager 680RGB,
Boston, U.S.A.).

2.18. Statistical Analysis. All data was performed via GraphPad
Prism software version 8.0.2. To compare multiple groups against a
control group, one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparisons test was employed. Alternatively,
pairwise comparisons were conducted via two-tailed t tests.

3. RESULTS

3.1. PcENG2 Is a Candiate Effector and Involved in P.
coffeae Parasitism. PcENG2 (XCN70975) was identified as
a putative secreted protein from P. coffeac RNA-seq data.
Although initially uncharacterized as an effector, it shares more
than 95% sequence identity with known ENGs from P.
penetrans and P. vulnus. PCENG2 comprises 333 amino acids,
including a 22-aa signal peptide and a conserved cellulase
domain. To determine the expression location of PcENG2

mRNA in P. coffeae, in situ hybridization assays were performed
to investigate the expression location of PCENG2 mRNA in P.
coffeae. The results revealed a distinct hybridization signal was
observed in the esophageal glands when the PcCENG?2 antisense
strand RNA probe from PcENG2 was used, while no
hybridization signal was observed with the sense strand RNA
probe (Figure 1A).

To confirm PcENG?2 secretion by P. coffeae into maize roots,
immunolocalization was conducted on maize root sections
using rabbit anti-PcENG2 polyclonal antibody (Figure S2D
and Table S1). Western blot analysis showed the expected 37
kDa bands in infected roots (Figure S1). Immunohistochem-
ical analysis on maize sections revealed PCENG2 fluorescence
signals in the migrating P. coffeae. Furthermore, PcENG2
accumulation was observed along nematode migration
channels and adjacent plant tissues (Figure 1B and Figure
S2A and C). As anticipated, no signal was detected in planta
when using preimmune serum (Figure S2B). These results

https://doi.org/10.1021/acs jafc.5c06425
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Figure 2. PcENG2 induces the degradation of cell wall and callose. (A) PcENG?2 is detected throughout the entire body and notably accumulated
in the esophageal gland (red asterisk indicated). (B) IEM showed PcENG? is localized in callose (red asterisk indicated), which is distributed in the
cell wall in a mastoid shape. Bar, 2 ym, bars in the insets, 0.5 gm. (C) PcENG?2 is observed localized and is secreted through the cloaca (red asterisk
indicated). CW, cell wall; N, nematode. Bar, 10 um, bars in the insets, 0.1 ym. (D) PcENG2 distributed in thickened cell walls (red asterisk
indicated); CW, cell wall. Bar, 2 ym, bars in the insets, 0.2 ym. (E) RT-qPCR analyzed the expression levels of maize ZmCals in both uninfected
maize roots and roots infected with the RLNS, including ZmCals7—ZmCals12 at 7 dpi. Bars represent the mean + SD. Asterisks indicate significant
differences compared to WT plants, as determined by Student’s ¢ test (%, p < 0.0S5; *%, p < 0.01; ns, not significant).

indicate the secretion of the PCENG2 effector in planta during
P. coffeae parasitism.

RT-qPCR analysis revealed that the transcriptional ex-
pression of PcENG2 peaked at 2 dpi, followed by a gradual
decline to a stable level (Figure 1C). In addition, PCENG2 was
expressed throughout all developmental stages of P. coffeae,
with low expression observed in eggs and juvenile stages, and
significantly higher expression detected in females (Figure 1D;
p < 0.05). These results suggest that PcENG2 is strongly
induced during the early stages of host invasion and may play a
critical role in nematode parasitism.

3.2. PcENG2 Is a P. coffeae Effector That Promotes
Maize Cell Wall and Callose Degradation. Callose
formation in the plant cell wall is induced by various biotic
and abiotic stresses and is believed to contribute to the host
plant’s defense and immunity.**~** Previous studies have
reported the thickened cell wall and mastoid structures
composed of callose act as a physical barrier to block the
pathogen’s penetration and spread.”> This prevents the
pathogen from accessing the plant’s internal tissues and
nutrients, thereby limiting its growth and reproduction.
However, research on the functions of callose following P.

27439

coffeae infection remains limited. Maize roots at 2 dpi were
sectioned and subjected to immunoelectron microscopy
(IEM) using an anti-PcENG2 antibody. The results showed
that PCENG2 was predominantly localized in the esophageal
glands of P. coffeae and was secreted through the cloaca and
hypodermis along the nematode’s body, excluding the stylet
(Figure 2C and Figure S3A and B). Additionally, callose was
found to be irregularly and asymmetrically distributed in plant
cell walls. However, in the cell wall channels invaded by the
nematode, callose was largely degraded (Figure 2B and Figure
S3C and D). Consistent with the classic substrate specificity of
P-1,4-endoglucanases, our in vitro assay using purified PCENG2
and laminarin (a f-1,3-glucan) showed no detectable hydro-
Iytic activity (Figure S4). Consistently, PCENG2 signals were
also detected extensively in thickened host cell walls (Figure
2D), suggesting its role in host cell wall modification. To
further explore host responses, we examined the expression
levels of maize callose synthase genes (ZmCals) in both
uninfected and P. coffeae-infected roots. RT-qPCR analysis
revealed a significant upregulation of ZmCals transcripts in
infected roots compared to uninfected controls (Figure 2E),

https://doi.org/10.1021/acs jafc.5c06425
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Figure 3. PcENG? is involved in P. coffeae parasitism and suppresses plant defense responses triggered by flg22. (A) Comparison of lateral root
numbers between A. thaliana lines. (B) Relative expression level of PCENG2 in three independent ectopic-expressing Arabidopsis lines. OE-1, 2, 3,
PcENG2 ectopic-expressing Arabidopsis lines. (C) P. coffeae infection was increased in transgenic Arabidopsis expressing PcENG2 as compared to
WT (Col-0) lines The numbers of P. coffeae masses were counted at 30 dpi. Data are presented as means + SD (n = 18). Distinct letters represent
statistically significant differences (p < 0.05, one-way ANOVA). (D) RT-qPCR analysis revealed that the expression levels of Arabidopsis defense
genes AtWRKY30, AtWRKY33, and AtfRBOHF in response to flg22 were significantly reduced in transgenic Arabidopsis lines compared to WT
(Col-0). Bars represent the mean + SD, with asterisks indicating statistically significant differences (s, p < 0.01; sk, p < 0.001, Student’s ¢ test).
All tests were conducted three times and yielded the similar findings each time. (E) PcENG2 inhibit flg22-induced ROS production in two
PcENG2-transgenic Arabidopsis lines.
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significant differences (p < 0.0S, one-way ANOVA). (F) Population of P. coffeae in the TRV2-PcENG2 transgenic maize roots were decreased

significantly compared with WT. Scale bars, 200 pm.

indicating an active host attempt to reinforce cell walls during
nematode invasion.

3.3. Ectopic Expression of PcENG2 Promotes the
Infection of P. coffeae and Suppresses Plant Defense
Responses. To investigate the role of PcENG2 in plant-
nematode interactions, three independent transgenic A.

thaliana lines (PcENG2-OE1, PcENG2-OE2, and PcENG2-
OE3) constitutively expressing PCENG2 were generated, and
their susceptibility to P. coffeae was evaluated. Notably, these
transgenic lines developed significantly more lateral roots
compared to WT plants (Figure 3A). The presence of PCENG2
transcripts and proteins in the transgenic lines was confirmed

https://doi.org/10.1021/acs jafc.5c06425
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pGADT?7-T served as the negative controls. (B) ZmCHIS-GST associated with PCENG2-His in a GST pull-down assay. GST was utilized as a
control. (C) Interaction between PcENG2 and ZmCHIS was assessed via a luciferase complementation assay (LCI). A series of plasmids were
introduced into A. tumefaciens, which were subsequently infiltrated into four discrete regions of N. benthamiana leaves. Luciferase activities were
subsequently measured 2 dpi. The measurement of luciferase activity was performed using a CCD imaging apparatus. A combination expressing
SGF-nLuc + cLuc-SAR were used as a positive control. (D) Bimolecular fluorescent complementation (BiFC) confirmed the interaction between
PcENG2 and ZmCHIS in planta. PCENG2 and ZmCHIS were individually fused with the N-terminal (nYFP) and C-terminal (cYFP) halves of the
yellow fluorescent protein (YFP). The YFP signal was detected by confocal microscopy at 48 h post-infiltration. Scale bars, 10 ym. (E) Subcellular
localization of PCENG2 and ZmCHIS in N. benthamiana leaf cells. Confocal microscopy was used to detect the colocalization of PCENG2 and
ZmCHIS in N. benthamiana leaves at 2 dpi. Scale bars, 10 ym.

by RT-qPCR and western blot analysis, respectively (Figure 3B genes were significantly downregulated in PcENG2-expressing
and Figure SSA and B), indicating that PcENG2 expression lines compared to WT (Figure 3D), suggesting that PCENG2

may interfere with normal root development. Furthermore, the suppresses defense signaling pathways. Collectively, these
transgenic PcENG2-expressing lines exhibited significantly findings demonstrate that the effector PcCENG2 facilitates P.
higher susceptibility to P. coffeae compared to WT, with a coffeae infection by altering host root development and
48% increase in nematode mass formation observed at 30 dpi suppressing basal immune responses in Arabidopsis.

(Figure 3C). Pattern-triggered immunity (PTI) suppression 3.4. PcENG2 Silencing Reduces P. coffeae Parasitism.
assays revealed that these transgenic lines produced signifi- To elucidate the role of PcCENG2 during P. coffeae infestation,
cantly lower levels of reactive ROS in response to flg22, a tobacco rattle virus (TRV)-mediated RNA interference
conserved 22-amino acid peptide derived from bacterial (RNAi) was employed to suppress PcENG2 expression in
flagellin that activates PTI in plants, compared to WT plants maize roots colonized by feeding P. coffeac (Figure 4A and
(Figure 3E). To further investigate the impact of PCENG2 on Figure S6A). The silencing efficiency was confirmed by RT-
plant immune responses, the expression levels of key defense- qPCR, which showed that PCENG2 transcript levels in parasitic

related genes, including AtWRKY33, AtWRKY30, and nematodes were significantly reduced by 58% compared to the
AtRBOHF, were examined following flg22 elicitation. These control group (Figure 4B). At 60 dpi, P. coffeae population

27442 https://doi.org/10.1021/acs jafc.5c06425
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density in maize roots was quantified. A significant 55.4%
reduction in nematode numbers was observed in PcENG2-
silenced plants compared to the control (Figure 4C). In
nematode staining assays, wild-type maize exhibited greater
susceptibility to P. coffeae than PcENG2-silenced plants, as
evidenced by fewer and less severe infection sites (Figure 4F
and Figure S6B). In addition, PcCENG2 silencing improved
plant growth, as demonstrated by a 17.4% increase in fresh
shoot weight and a 28.7% increase in root weight relative to

controls (Figure 4D and E). These results suggest that
PcENG?2 contributes significantly to nematode parasitism and
host damage during P. coffeae.

3.5. PcENG2 Interacts with Maize Chitinase. To
identify the function of PcENG2, we screened a maize Y2H
cDNA library using PcENG2 (without signal peptide) as bait.
Several maize proteins potentially interacting with PcENG2
were identified, among which ZmCHIS was captured the most
12 times with a strong signal (Table S2). We constructed two
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Figure 7. Morphological changes in the P. coffeac eggs of incubation with the maize ZmCHIS. (A) Effects of PcENG2 on ZmCHIS chitinase
enzyme activity. The values presented are the means + SE (n = 10), with different letters indicate significant differences (p < 0.0S, one-way
ANOVA). (B) Effects of GST-ZmCHIS on the hatching rate after 24 and 48 h of incubation with the eggs. The significance of the results was
determined by Student’s test. The asterisks indicate significant differences (s, p < 0.01). (C—E) No observable change on the surface of the eggs
incubated with PBS. Bars, 30 um. (F—H) Eggs surface exposed to ZmCHIS presented crumpling and breakage. Bars, 30 ym. (I-K) No
significantly surface damage was observed in the eggs incubated with the mixture of ZmCHIS and PcENG2. Bars, 50 um.

truncated versions of PCENG2, BD-PcENG2 (35—289 aa) and
BD-PcENG2 (193—234 aa) to identify its interaction (Figure
S7). Then, two candiate proteins, ZmCHIS (maize chitinase S;
ALP46634) and ZmCP1l (maize cysteine protease I;
AQK46675) were further examined for interactions with
PcENG?2 using yeast two-hybrid cotransformation assays. The
results showed that yeast coexpression PCENG2 and ZmCHIS
grew on SD/—Leu/—Trp/—Ade/—His/medium with the
supplementation of X-a-Gal (Figure SA). To identify the
interaction between PcENG2 and ZmCHIS, a GST pull-down
assay was conducted using GST-tagged ZmCHIS and His-
tagged PcENG2 expressed in E. coli, revealing that PcCENG2
was specifically pulled down by GST-ZmCHIS (Figure SB).
Furthermore, the split luciferase complementation imaging
(LCI) experiment was performed to further confirm the
interaction, and the results demonstrated that PCENG2 and

27444

ZmCHIS also physically interact in N. benthamiana cells
(Figure SC). SAR-cLuc and SGF-nLuc were coexpressed as a
positive control.

The BiFC verification vector was constructed by fusing the
PcENG?2 protein to the N terminus of nYFP and the ZmCHIS
protein to the N terminus of cYFP. The interaction was
verified via Agrobacterium-mediated transient transformation in
N. benthamiana leaf cells. While no fluorescence was detected
in the nYFP-PcCENG2 + cYFP group, the verification group
(nYFP-PcENG2 + cYFP-ZmCHIS) exhibited yellow fluores-
cence signals in the nucleus and plasma membrane, indicating
that PcENG2 interacts with ZmCHIS at the cell membrane
(Figure SD). We conducted colocalization studies of the two
proteins, PCENG2 and ZmCHIS. The results confirmed that
both PcENG2 and ZmCHIS colocalize in the nucleus and
plasma membrane (Figure SE). Furthermore, subcellular
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localization analysis of ZmCHIS-GFP in transgenic N.
benthamiana cells revealed that ZmCHIS predominantly
localizes to the cytoplasm and nucleus (Figure S8), consistent
with the BiFC results. These findings provide evidence for a
specific interaction between PCENG2 and the maize chitinase
ZmCHIS, both in vitro and in vivo.

3.6. Chitinase Affects P. coffeae Parasitism. To clarify
the role of ZmCHIS in P. coffeae infestation, RNAi was
employed to silence ZmCHIS expression in maize (Figure S9).
Infestation assays revealed that ZmCHIS-silenced maize
exhibited reduced resistance to P. coffeae. Notably, ZmCHIS-
silenced maize roots displayed more extensive tissue damage
and a greater number of nematode-induced lesions at 60 dpi,
resulting in a marked reduction in root fresh weight compared
to WT plants (Figure 6A and B). RT-qPCR analysis confirmed
a significant 49% reduction in ZmCHIS transcript levels
compared to the control group (Figure 6C). Specifically, the
number of invading nematodes increased significantly by 46%
(Figure 6D), and fresh root were significantly decreased by
19% compared to WT (Figures 6E).

To assess whether ZmCHIS confers broad-spectrum
resistance to root-lesion nematodes (RLNs), TRV2-ZmCHIS
maize roots were inoculated with four RLN species: P. coffeae,
P. zeae, P. thornei, and P. scribneri. At 60 dpi, nematodes were
extracted using a modified Baermann funnel method and
quantified. ZmCHIS-silenced maize showed significantly higher
susceptibility to all four RLN species compared to controls
(Figure 6F), indicating that ZmCHIS-mediated chitinase
activity plays a critical and broad-spectrum role in host
resistance against RLN infections.

3.7. Biological Activities of ZmCHI5 Suppress the P.
coffeae Egg Development. To investigate the molecular
interaction between PcCENG2 and ZmCHIS, recombinant His-
tagged PcENG2 and GST-tagged ZmCHIS proteins were
expressed in vitro. Enzymatic activity assays revealed that His-
PcENG2 significantly inhibited the chitinase activity of GST-
ZmCHIS, resulting in a 22.2% reduction compared to the
control (Figure 7A). In contrast, co-incubation with heat-
denatured His-PcENG2 did not affect GST-ZmCHIS activity,
indicating that the inhibition is dependent on the structural
integrity of PCENG2 and suggesting that PCENG2 specifically
suppresses ZmCHIS enzymatic function.

To assess the biological relevance of ZmCHIS activity, egg
hatching assays were performed using P. coffeae eggs. In vitro
incubation with GST-ZmCHIS significantly inhibited nem-
atode egg hatching. After 24 h, the hatching rate was reduced
by 31.7%, and after 48 h, a 40.3% reduction was observed
compared to the control (Figure 7B). Scanning electron
microscopy (SEM) further revealed that GST-ZmCHIS
treatment altered egg morphology and disrupted development.
Normal eggs displayed smooth, intact surfaces without visible
defects (Figure 7C—E). However, following 48 h of GST-
ZmCHIS exposure, eggs exhibited clear surface damage,
including invaginations and cracking (Figure 7F—H). Notably,
these structural damages were absent when eggs were co-
incubated with both GST-ZmCHIS and His-PcENG2,
suggesting that PCENG2 effectively suppresses the deleterious
effects of ZmCHIS on nematode eggs (Figure 7I-K).

4. DISCUSSION

RLNs are migratory endoparasitic nematodes that feed freely
on plant roots and are often underestimated due to the non-
specific symptoms they induce.”*° In this study, we identified

and characterized a novel effector, PCENG?2, expressed in the
esophageal gland cells of P. coffeae. PCENG2 is secreted into
host root tissues via the stylet, cloaca, and hypodermis during
parasitism. It functions to subvert callose and ZmCHIS
mediated plant immunity, thereby promoting nematode
parasitism (Figure 8).

Figure 8. Model for the involvement of maize ZmCHIS in the
immune response during its interaction with P. coffeae PCENG2. The
PcENG2 effector protein is released into plant cells during P. coffeae
infection, suppressed the immune response induced by cell wall
damage. PCENG2 targets maize chitinase ZmCHIS, preventing it from
degrading chitin in the nematode body wall and eggshell, thereby
weakening plant immunity stimulated by chitin oligosaccharides and
promoting nematode parasitism.

PcENG2 belongs to a group of cell wall-degrading enzymes
(CWDEs) with a conserved cellulase domain that hydrolyzes
cellulose. Previous studies have suggested that ENGs in PPNs
may have originated from horizontal gene transfer events from
bacteria or fungi."’ For instance, ENGs in Bursaphelenchus
xylophilus are thought to have been acquired from bacteria.***’
CWDEs are crucial for the successful parasitism of PPN, as
evidenced by their strong expression in esoghageal glands and
secretion into host tissues during infection. 051 Bor example,
ENGs such as HGENG?2 and GrENGI are secreted through the
stylet and can be detected along the nematode migration
path.*>** Other studies have shown that H. schachtii secretes a
cellulose-binding protein (CSP-1) that interacts with Arabi-
dopsis pectin methylesterase (PME33) to modify the cell wall,
thereby facilitating invasion.”* In the present study, we
demonstrated that PcENG2 is upregulated during early
infection stages. Immunohistochemical and immuno-electron
microscopy analyses confirmed that PCENG?2 is secreted into
the apoplast and functions to degrade host cell walls and
callose. The localization of PCENG2 in esophageal glands and
along the body, particularly near the stylet, cloaca, and
hypodermis, supports its active role in breaching physical
barriers during root penetration. These findings are consistent
with previous reports on ENGs localization in other
nematodes.*”>">

The plant cell wall is primarily composed of cellulose,
hemicellulose, lignin, and pectin, and acts as a critical defense
barrier against pathogen invasion.” Callose, a f-1,3-glucan
component of the cell wall, reinforces plant defenses upon
pathogen attack.”®’ Plants increase callose deposition to
restrict pathogen movement.””*” However, nematodes have
evolved strategies to overcome these barriers by secreting
effectors that degrade structural components. For example,
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RKNs release cellulases and pectinases to weaken the cell wall
and facilitate invasion.’” In barley, silencing of HVGSL6 led to
reduced callose accumulation and increased susceptibility to
powdery mildew.”’ The failure of PcENG2 to degrade
laminarin is in agreement with substrate specificity reported
for canonical f#-1,4-endoglucanases, which are unable to act on
f-1,3 linkages unless part of mixed-linkage polymers (e.g., f-
1,3:1,4 glucan that adjacent $-1,3 and f-1,4 bonds).62 While
some enzymes in other GH families (e.g., GH1 fS-glucosidases)
can act on both $-1,3 and f-1,4 bonds, these are structurally
and mechanistically distinct from PcENG2-like endogluca-
nases.”> Therefore, our data strongly support that PCENG2
does not directly degrade callose in vitro. Although PcENG2
does not directly hydrolyze laminarin in vitro, similar indirect
mechanisms have been documented in other pathosystems: for
example, cell wall-degrading enzymes such as endo-1,4-f3-
glucanases can modulate the host apoplast and enable or
enhance the activity of host-derived f-1,3-glucanases.®”**
Plants themselves can ugregulate P-1,3-glucanases in response
to cell wall loosening.6 In nematode-induced feeding sites,
host cellulases and expansins are reported to facilitate cell wall
remodeling and potentially synergize with nematode-secreted
enzymes.’” Thus, PCENG2 may act indirectly to reduce callose
deposition by altering cell wall permeability or triggering host
glucanase responses, consistent with our in planta observations
of reduced callose at infection sites.

Chitinases play a central role in plant defense by directly
degrading chitin in pathogens and by regulating immune
responses, including ROS production.”® ROS accumulation in
the apoplast is a key component of early defense signaling.'>*’
Nematodes counteract this through effector proteins; for
example, M. javanica secretes MjTTLS to modulate the plant
ROS scavenging system.’' Overexpression of chitinase genes
can enhance resistance to fungal and bacterial pathogens, as
demonstrated in rice, tobacco, and other crops.m’71 Interest-
ingly, chitinases are also essential in some pathogens; e.g.,
Plasmodium and Toxoplasma gondii require chitinases for life
cycle progression.”””* In this study, we identified ZmCHIS as
a key chitinase targeted by PcCENG2. ZmCHIS contributes to
maize defense against biotic and abiotic stress.”* PcENG2
suppresses ZmCHIS activity, as shown in vitro, thereby
diminishing maize immune responses and promoting P. coffeae
parasitism. Virus-induced gene silencing (VIGS) of ZmCHIS
enhanced plant susceptibility, supporting its role in defense.

Chitinases also restrict nematode development by degrading
the chitin in eggshells. We demonstrated that ZmCHIS
inhibited egg hatching, whereas PCENG2 protected nematode
eggs from chitinase degradation. Plant chitinases can also
degrade chitin in insect eggshells and exoskeletons, disrupting
molting and reproduction.”””* Thus, PcENG?2 helps P. coffeae
evade both plant immune signaling and direct structural attack.
Chitinases are linked to hormonal signaling pathways as well.
Ethylene (ET) promotes chitinase expression during pathogen
challenge,”® and AtCTL1 regulates root development by
modulating ET biosynthesis.”” Salicylic acid (SA) also boosts
ROS production and pathogenesis-related gene expression,
amplifying immune responses.”® Hence, suppression of
ZmCHIS by PcENG2 likely impairs both direct chitin
hydrolysis and downstream signaling cascades.

Over the past decades, significant progress has been made in
elucidating the molecular interactions between sedentary
PPNs, such as root-knot (Meloidogyne spp.) and cyst
nematodes (Heterodera spp.), and their host plants. These

nematodes secrete effector proteins that are essential for
establishing and maintaining specialized feeding structures-
giant cells or syncytia-by modulating host transcription,
hormone pathways, and immunity.”**” In contrast, migratory
PPN such as Pratylenchus spp. do not form permanent feeding
sites but instead move destructively through root tissues,
requiring a distinct set of effectors that facilitate repeated
penetration, suppression of immune responses, and nutrient
acquisition at multiple sites.”” Our study on PcENG2 offers
new insight into this migratory parasitism strategy. Unlike
sedentary nematodes that rely heavily on effectors targeting
transcriptional reprogramming, PcENG2 acts both as a cell
wall-degrading enzyme and an immune suppressor. By
degrading cell wall components and subverting chitinase-
mediated defenses, PCENG2 enables P. coffeae to overcome
mechanical and biochemical barriers encountered during
migration. These findings underscore the adaptability and
versatility of migratory PPNs effectors and point to PCENG2 as
a model for understanding effector-driven pathogenesis in
migratory nematodes.

These insights deepen our understanding of how migratory
nematodes suppress host immunity through effector-mediated
mechanisms, and provide potential targets for the development
of nematode-resistant crops. In conclusion, our study
demonstrates that PCENG2 targets and suppresses the activity
of maize chitinase ZmCHIS, thereby attenuating host basal
immunity and facilitating the successful parasitism of P. coffeae.
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