
Received: 20 December 2019 Accepted: 19 January 2021

DOI: 10.1002/csc2.20468

Crop Science
O R I G I N A L R E S E A R C H A R T I C L E

P l a n t G e n e t i c R e s o u r c e s

Evaluation of Guangxi common wild rice for resistance to brown
planthopper using a new stem evaluation method

Liang Luo1,3,# Xuan Wang1,3,# Xinying Guo1,3,# Taian Lu1,3 Ruizhi Yuan1,3

Shanyue Liao1,3 Suosheng Huang4 Yue Han1,3 Babar Usman1,3 Baoxiang Qin1,3

Jijing Luo2,3 Fang Liu1,3 Fengkuang Huang4 Rongbai Li1,3

1 College of Agriculture, Guangxi Univ.,

Nanning 530004, P.R. China

2 College of Life Science and Technology,

Guangxi Univ., Nanning 530004, P.R. China

3 State Key Lab. for Conservation and

Utilization of Subtropical

Agro-Bioresources, Guangxi Univ.,

Nanning 530004, P.R. China

4 Plant Protection Institute, Guangxi

Academy of Agricultural Sciences, Nanning

530007, P.R. China

Correspondence
Rongbai Li, State Key Lab. for Conserva-

tion and Utilization of Subtropical Agro-

Bioresources, Guangxi Univ., Nanning

530004, P.R. China

Email: lirongbai@126.com

#These authors contributed equally to this

work.

Assigned to Associate Editor Georgia

Eizenga.

Abstract
Brown planthopper [BPH, Nilaparvata lugens (Stål)] is considered one of the most

important pests of rice (Oryza sativa L.), which poses a serious threat to rice pro-

duction. Identifying resistant Oryza germplasm can provide reliable accessions for

breeding BPH resistant rice cultivars. In this study, the stem evaluation method

(SEM) was first applied to identify the BPH resistance of 1,221 accessions of com-

mon wild rice (O. rufipogon Griff.) collected from three different regions of Guangxi

Province, China. From this screening, 58 BPH resistant accessions were screened

a second time, with 33 accessions ultimately identified as stable, highly resistant

germplasm as confirmed by a third identification at the adult-plant stage. The dis-

tribution of the 58 BPH-resistant common wild rice accessions varies significantly

from region to region. Genotypic analyses based on 42 simple sequence repeat (SSR)

markers revealed that these 58 BPH-resistant accessions were genetically diverse,

reflecting the rich genetic diversity reported in Guangxi common wild rice. Further-

more, results verified that the SEM is efficient for rapid and accurate screening of

BPH-resistant germplasm, especially when a limited number of seeds are available or

elite breeding lines need to be screened immediately. Also, SEM is the best method

for evaluating BPH resistance at the adult stage because fewer insects are needed,

and it is possible to repeat the evaluation in the same crop season. The 33 resistant

rice accessions are a potential source of novel BPH resistance genes for developing

cultivars with improved BPH resistance.

Abbreviations: BPH, brown planthopper; IRRI, International Rice

Research Institute; MAS, marker-assisted selection; PCoA, principal

coordinates analysis; PIC, polymorphic information content; SEM, stem

evaluation method; SSR, simple sequence repeat; SSST, standard seedbox

screening technique; TN1, Taichung Native 1; UPGMA, unweighted

pair-group method with arithmetic means

© 2021 The Authors. Crop Science © 2021 Crop Science Society of America

1 INTRODUCTION

Rice (Oryza sativa L.) is a staple food that feeds more than

half of the world’s population, but rice production is severely

threatened by different abiotic and biotic stresses (Liu et al.,

2014). Brown planthopper [BPH, Nilaparvata lugens (Stål)]

is one of the most harmful pests in Asian rice production

areas. Brown planthopper is a migratory and destructive pest

that is distributed in many countries and severely threatens
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rice production (Way & Heong, 1994). In recent years, BPH

has become more widespread across Asia, sharply reducing

rice production (Normile, 2008). It not only damages rice

directly by sucking the juice but also indirectly by transmitting

viruses including the Rice ragged stunt virus (RSV) and Rice
grassy stunt virus (GSV) (Cha et al., 2008). After BPH infes-

tation, seed set significantly decreases and the plants dry up,

referred to as “BPH burn,” leading to complete plant death

(Sogawa, 1982).

Chemical control has long been a major measure to prevent

BPH, but it is expensive and environmentally unsafe. Insec-

ticides are highly destructive to BPH, but they also enhance

its chemical resistance and contributed to strong resurgence

(Tanaka et al., 2000). Research and practice showed that the

most economical and environmentally friendly measure to

control BPH is breeding resistant cultivars (Khush, 2001;

Ramkumar et al., 2016). The key to breeding resistant

cultivars and diversifying single resistant germplasm is to

provide the basic building blocks for the development of

stress-resistant cultivars. As an example, in the 1970s at the

International Rice Research Institute (IRRI) in the Philip-

pines, screening for BPH-resistant germplasm identified

44,335 O. sativa accessions resistant to BPH biotype 1,

10,553 accessions resistant to BPH biotype 2, and 13,021

accessions resistant to BPH biotype 3 (Jackson, 1997).

Also, Sarao et al. (2016) screened 1003 Oryza accessions

representing 12 different species, which were obtained from

the IRRI and Indian collections, and initially identifed 159

accessions resistant to BPH.

In recent years, genetic and genomics tools have accel-

erated the rice molecular breeding program, and significant

progress has been made towards the identification of BPH

resistance sources from diverse germplasm against all the four

prevalent BPH biotypes. Many advanced technologies includ-

ing marker-assisted selection (MAS), genomics, proteomics,

metabolomics, and transcriptomics have been used to explore

and utilize the BPH germplasm (Kumar et al, 2018; Li et al.,

2017; Peng et al., 2016; Sangha et al., 2013).

Wild species of Oryza are reservoirs of useful genes and

quantitative trait loci (QTLs) for rice improvement and to

broaden the gene pool of rice. Several genes and QTLs

governing agronomic traits have been transferred from wild

species into rice, and a few of these were tagged with molec-

ular markers and used in MAS. The resistant germplasm

from the ancestral rice wild species O. rufipogon, which

has an AA genome like cultivated Asian rice (O. sativa),

is more easily crossed with O. sativa than non-AA genome

resistant germplasm such as O. officinalis Wall. (Barbier

et al., 1991; Brar & Khush, 2018; Khush, 1997; Oka, 1988;

Tang et al., 2008). Common wild rice, O. rufipogon, harbors

abundant genetic diversity after extensive natural selection

that can be used for rice improvement through breeding

techniques (Chen et al., 2010; Fuller et al., 2010; Liu et al.,

Core Ideas
∙ We used a new stem evaluation method (SEM) to

evaluate rice accessions for resistance to BPH.

∙ The discovery of these resistant resources will pro-

vide more basic resources for further study.

∙ Genetic diversity of BPH-resistant accessions in

rice deserves further study.

∙ Discovery of resistant resources should focus on

sampling from the lower reaches of Xijiang.

∙ Guangxi Oryza rufipogon was taken as experimen-

tal accessions, which shows superiority.

2013). Guangxi Province is one of the main natural habitats

of wild rice in China and is also considered the center of

genetic diversity for China’s common wild and cultivated

rice (Huang et al., 2012). Guangxi common wild rice is a rich

source of many valuable accessions, which carry genes for

resistance to diseases and pests (Chen et al., 2017; Guo et al.,

2017; Qin et al., 2014; Zhu et al., 2016), thus providing new

sources of resistance for rice breeding programs. Qin et al.

(2004) screened 198 Guangxi medicinal wild rice for BPH

resistance and identified 195 (98.5%) resistant accessions.

Li et al. (2001) identified the resistance of Guangxi common

wild rice line 94-42-5-1 to BPH and discovered the line that

had broad-spectrum resistance to BPH and showed high

resistance (HR). Later, they used multiple BPH biotypes to

identify resistance in >1,200 Guangxi common wild rice

accessions and successfully obtained 30 resistant accessions,

six with broad-spectrum and HR to BPH biotypes (Li et al.,

2006). At present, among 40 reported BPH-resistant genes,

nine resistance genes—namely, bph19(t), bph21(t), bph22(t),

bph23(t), Bph24(t), Bph27 [originally named bph18(t)],

bph29[originally named bph20(t)], Bph35, and Bph36—

were derived from Guangxi common wild rice (Chen et al.,

2009, 2010; Huang et al., 2013; Li et al., 2006, 2019; Yang

et al., 2012; Zhang et al., 2019; Zhou et al., 2015).

Molecular markers play an important role in the identifi-

cation and characterization of new germplasm (O’Neill et al.,

2003), and simple sequence repeat (SSR) markers are often

used to analyze the genetic diversity of rice. The ability of

SSR markers to differentiate rice accessions genotypically

is documented by the fact that a “fingerprint marker” panel

consisting of 12 SSR markers differentiated a diverse subset

of nearly 2,000 O. sativa accessions from the U.S. germplasm

collection, and with two additional SSR markers, the identity

of nearly 95 U.S. varieties that are closely related was ascer-

tained (McClung et al., 2020). The rich genetic diversity found

in common wild rice (O. rufipogon) accessions from South-

east Asia, mainly China, has been documented in several
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F I G U R E 1 The wild rice nursery at Guangxi University. The collected common wild rice was planted in pots at the wild rice nursery. From the

20th day after transplanting through the tillering stage, stems can be taken repeatedly from mother plants to screen for brown planthopper (BPH)

resistance when there is an adequate number of BPH nymphs

studies involving 90–4,173 accessions genotyped with 24–46

SSR markers (Li et al., 2010; Pan et al., 2018; Sun & Yang,

2009; Xue et al., 2016), confirming the ability of SSR mark-

ers to document the genetic diversity in this ancestral wild

species.

The main objective of this study was to identify new

sources of resistance to BPH in a collection of O. rufipogon
accessions native to Fusui, Yongning, and Pingnan Coun-

ties in Guangxi Province, China. To screen this collection for

resistance to BPH, we (a) developed a stem evaluation method

for identification of BPH resistant germplasm, (b) screened

1,221 accessions in the collection, (c) verified the resistance

germplasm by repetitive screening, and a third identification

at the adult-plant stage, (d) analyzed the regional distribution

of resistance accessions, and (e) analyzed the genotypic diver-

sity of resistance accessions with SSR markers.

2 MATERIALS AND METHODS

2.1 Experimental materials

A total of 1,221 accessions of common wild rice (O. rufi-
pogon) were collected from three representative regions, one

region in Fusui County (22˚34′ N, 107˚95′ E), one in Yongn-

ing (22˚70′ N, 108˚35′ E), and one in Pingnan (23˚30′ N,

110˚21′ E), Guangxi Province, P.R. China, with 297 acces-

sions originating from Yongning County, Nanning City; 331

from Pingnan County, Guigang City; and 593 from Fusui

County, Chongzuo City. The accessions were provided by

the Wild Rice Germplasm Nursery of State Key Labora-

tory of Conservation and Utilization of Subtropical Agro-

bioresources, Guangxi University, Nanning, P.R. China, as

tillers (Figure 1) and are available for research and breeding

purposes to researchers within China. The susceptible con-

trol cultivar, Taichung Native 1 (TN1, IRGC 038845), was

obtained from IRRI.

The BPH insects used in the experiment were mixed field

biotypes collected from rice fields in Nanning. The BPH bio-

type 2 accounted for >70%, the Bangladesh biotype for about

20%, and biotype 1 for less than 10% according to Liu et al.

(2011). The insects were raised on susceptible cultivar TN1

for one or two generations to obtain an adequate number of

nymphs to infest the plants.

2.2 Stem evaluation method

Most rice is screened for BPH resistance using the stan-

dard seedbox screening technique (SSST) developed by IRRI

(IRRI, 1996). Briefly, the SSST involves sowing >30 seeds in

a plastic box; after 5 d, the plants are thinned to about 20–30

seedlings, and at the two- to the three-leaf stage, the seedlings

are infested with the second or third-instar BPH nymphs at a

density of 10–12 nymphs per seedling. When all the plants of

susceptible TN1 have died, the seedlings are rated as 0 (no
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F I G U R E 2 Resistance scale of the stem evaluation method (SEM). The rating scale is 0 (immune, I) = free from damage; 1 (highly resistant,

HR) = free from damage and slightly brown in the upper part of the outer leaf sheath; 3 (resistant, R) = outer leaf sheath brown and inner two leaf

sheaths are alive, with new leaves emerging from the center (arrow); 5 (moderately resistant, MR) = only one inner leaf sheath is alive with new

leaves emerging (arrow); 7 (susceptible, S) = inner leaf sheaths are turning brown with weak growth potential for new leaves (arrow); and 9 (highly

susceptible, HS) = the whole plant is brown and dead. Arrows identify the new leaves

F I G U R E 3 Images illustrating planting and rating stages for the stem evaluation method (SEM), which evaluates resistance to brown

planthopper (BPH). (a) Rice stems (tillers) planted for a screening. Rice stems were planted in the plastic tray, with susceptible control in one row

(arrow), and one stem from each accession was used to identify the level of resistance. (b) Results from ∼7 d after BPH infection. The plants were

rated at this stage when the susceptible control had wilted

F I G U R E 4 Confirmation of the brown planthopper (BPH)-resistant accessions at the adult plant stage. (a) Images illustrating planting of

resistant accessions and insect-attractant TN1 adult plants; (b) the insect-attractant TN1 adult plants infested with adult BPH (arrow); and (c) results

after all the insect-attractant TN1 plants wilted, at which time the potentially resistant accessions were rated for BPH resistance. Arrows point to BPH
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T A B L E 1 Results from the preliminary screening of Guangxi

common wild rice (O. rufipogon) accessions for resistance to the brown

planthopper (BPH)

Resistance scale No. of materials Percentage of materials
1 5 0.41

3 28 2.29

5 25 2.05

7 10 0.82

9 1,152 94.35

Total 1,221 100

damage) to 9 (dead) according to the standard evaluation sys-

tem (SES) of IRRI (Hu et al., 2016; Li et al., 2019; Zhang

et al., 2019).

Because the O. rufipogon accessions produce limited seed,

it is not feasible to use the SSST, thus the stem evaluation

method (SEM) was designed to screen the O. rufipogon acces-

sions. For this method, the stem of a single tiller represents

one O. rufipogon accession and is used to evaluate the acces-

sion for resistance. The tillers were removed from the O. rufi-
pogon plants growing in the wild rice nursery (Figure 1) at

the tillering stage over 10 mo. During the preliminary screen-

ing, one stem with the root was extracted from each rice

plant, and its 16-cm stem base was taken for stem identifi-

cation. This step was repeated three times. The stems with

leaf sheaths were washed and planted in rows in a plastic tray

filled with wet soil, 4 cm deep, with the row and plant spac-

ing of 5 × 3 cm. As the control, TN1 stems were planted

in the middle row. From the same day to the fifth day after

transplanting, stems were infested with second or third instar

nymphs. To shorten the identification period and obtain accu-

rate resistance ratings, each stem was generally infested with

more than 50 BPH nymphs. Subsequently, the stems were

covered by an insect-proof net, placed in a greenhouse or a

net-house with rain-proof facilities maintained at 26–30 ˚C,

and shallow water. About 10 d after insect infestation, when

all plants of the control cultivar TN1 wilted, the plants were

rated using the following scale: 0 (immune, I) = free from

damage; 1 (highly resistant, HR) = free from damage and

slightly brown in the upper part of out sheath; 3 (resistant,

R) = out leaf sheath brown and inner two leaf sheaths alive,

with new leaves growing out from the center (indicated by the

arrow); 5 (moderately resistant, MR) = only one inner leaf

sheath alive, with new leaves (indicated by the arrow); 7 (sus-

ceptible, S) = inner leaf sheaths turning brown (indicated by

the arrow), with weak growth potential; and 9 (highly sus-

ceptible, HS) = whole plant brown (Figure 2). For the resis-

tant accessions obtained from the preliminary screening, the

same method was used for two additional evaluations in the

current season. The average resistance value from these three

independent values was calculated to confirm the resistant

germplasm.

2.3 Evaluation of the O. rufipogon
accessions for resistance to BPH

Initially, the 1,221 accessions of common wild rice were

screened for BPH in the greenhouse during the 2018 spring

season. The accessions with the scores 1 (highly resistant,

HR), 3 (resistant, R), or 5 (moderately resistant, MR) were

evaluated in a second screening in the 2018 spring season.

Subsequently, the accessions that scored 1 or 3 after this sec-

ond screening were subjected to a third evaluation at adult-

plant stage in the same season to verify resistance. In the

greenhouse, we used a cement pool as the “identification

pool,” because it had convenient drainage and irrigation and

was not affected by confounding diseases and insect pests.

The wild rice resistant accessions selected from the second

screening were sparsely planted in the identification pool in

the greenhouse. After about 15 d, when the stems were grow-

ing well and developing some tillers, the susceptible cultivar

TN1 was planted intermittently between the rows to attract

and raise insects.

After each TN1 plant was infested with 10 mature ovipo-

sition adult BPHs, the identification pool was covered and

wrapped by an insect-proof net to prevent the adults from

escaping but allowing the BPHs to move around freely. The

plants were irrigated with a shallow flood (Figure 4). Thou-

sands of nymphs reproduced on the TN1 plants after the adults

laid eggs and the eggs hatched; thus, each wild rice stem was

generally infested with more than 50 second- to third-instar

BPH. The number of insects on each stem was far more than

used for the SSST BPH resistance screening (IRRI, 1996),

thus mimicking an excessive infestation.

When the insect-attractant TN1 cultivar completely wilted,

the results of the BPH resistance identification of the resistant

accessions were rated. The rating standard at this adult-plant

stage was 0 (immune, I; free from damage), 1 (highly resis-

tant, HR; free from damage); 3 (resistant, R; base leaves are

slightly yellowing); 5 (moderately resistant, MR; base leaves

are yellowing), with weak growth potential; 7 (susceptible,

S; upper leaf sheaths are yellowing or wilting); and 9 (highly

susceptible, HS; all plants wilting).

2.4 Geographic origin and distribution
analysis of resistant accessions

ArcGIS (ArcGIS for Developers, https://developers.arcgis.

com/) was used to draw the regional distribution map of resis-

https://developers.arcgis.com/
https://developers.arcgis.com/
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T A B L E 2 Geographic sources and resistance frequency of common wild rice (Oryza rufipogon)

Distribution
region

No. of accessions
identified

Resistant accessions
Scale 1 (HR) Scale 3 (R) Scale 5 (MR)

Total
% of
totalNo. % No. % No. %

Pingnan 331 2 0.60 16 4.23 11 3.32 27 8.16

Yongning 297 3 1.01 8 2.69 9 3.03 20 6.73

Fusui 593 0 0 6 1.01 5 0.84 11 1.85

Note. HR, highly resistant; R, resistant; MR, moderately resistant.

tant germplasm. Also, the distribution frequencies of high

resistance (HR), resistance (R), and moderate resistance (MR)

of the materials in each region were calculated using ArcGIS.

2.5 Genetic diversity analysis of resistant
accessions

For genotyping, genomic DNA was extracted using the cetyl

trimethylammonium bromide (CTAB) method reported by

Chen and Ronald (1999). Based on the SSR markers designed

by Li et al. (2015), 42 highly polymorphic SSRs were selected

based on PIC (polymorphic information content) values, and

covering all 12 chromosomes were selected.

The SSR primer pairs (Supplemental Table S1) were

synthesized by Guangzhou IGE Biotechnology. The poly-

merase chain reaction (PCR) amplification procedure was

pre-denaturing at 95 ˚C for 5 min, denaturing at 95 ˚C for

the 30 s, annealing at 58 ˚C for 30 s, extending at 72 ˚C for

45 s, final extending at 72 ˚Cfor 10 min, and maintaining at

16 ˚C for 16 min, and Steps 2–4 were repeated 34 times. Poly-

merase chain reaction amplification products were detected

on 7% nondenaturing polyacrylamide gel (Sanguinetti et al.,

1994). Lastly, the gel bands for each marker were con-

verted to alleles and the corresponding data matrix was

established.

For genetic diversity analysis, alleles for each marker were

recorded according to the position of amplified bands on the

gel. Popgene 32 (Yeh & Yang, 1999) and PIC-CALC (Nagy

et al., 2012) were used to calculate the average number of

alleles (Na), the effective number of alleles (Ne), Shannon’s

information index (I), actually observed heterozygosity (Ho),

expected observed heterozygosity (He), the diversity index

(Nei), and the polymorphism information content (PIC).

MEGA-X (Tamura et al., 2007) was applied for cluster

analysis; the online website ImageGP (http://www.ehbio.

com/imagegp/index.php/home/index/index.html) was used

for principal coordinate analysis (PCoA) analysis, and the

Structure 2.3.4 (Pritchard et al., 2000) was adopted to analyze

the population structure of wild rice accessions.

3 RESULTS

3.1 Screening of Guangxi common wild rice
for BPH resistant accessions

The BPH resistance of 1,221 accessions of Guangxi com-

mon wild rice was preliminarily screened with SEM (Fig-

ure 3). The identification results (Table 1) indicated that the

susceptible cultivar TN1 scored 9 (highly susceptible, HS),

and 58 accessions (4.75%) were resistant to BPH (score 1–

5), with only five accessions (0.04%) rated as highly resistant

(score 1).

To confirm these results, stems of the same plants used

for the preliminary screening were taken from the 58 BPH-

resistant accessions and evaluated a second time using the

SEM. The results of this screening were similar to those of the

preliminary screening, showing five accessions were resistant

(score 1), 28 (score 3), and 25 (score 5), verifying the accuracy

of the preliminary screening results (Table 1, Supplemental

Table S2).

Based on the second screening, the 33 BPH resistant acces-

sions (score 1 and 3) were considered as potential sources of

resistance and transplanted to the identification pool to val-

idate their resistance to the BPH at the adult stage by using

an excessive BPH infestation. Fifteen days after transplant-

ing, the plants with a few new tillers were infested with BPH

nymphs carried out for re-identification (Figure 4a and 4b).

The results showed that at the time all the insect-attractant

TN1 plants completely died, the 33 resistant accessions still

showed stable high resistance (Figure 4c). Therefore, these 33

resistance accessions were confirmed to be potential sources

of novel BPH resistance genes.

3.2 Geographic origin and distribution of
BPH resistant accessions

The 1,221 common wild rice accessions evaluated for resis-

tance were collected from three major wild rice distribution

regions located in Pingnan, Yongning, and Fusui Counties

http://www.ehbio.com/imagegp/index.php/home/
http://www.ehbio.com/imagegp/index.php/home/
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F I G U R E 5 Regional distribution of resistant accessions of common wild rice (O. rufipogon). The map of the Guangxi Region of China shows

three common wild rice distribution regions Pingnan, Yongning, and Fusui Counties (yellow) located along the Xijiang River (blue), which is the

main branch of the Zhujiang River in South China

(Figure 5). Based on the BPH screening, 27 of the 331 (8.16%)

accessions collected from Pingnan were resistant, 20 of the

297 (6.73%) accessions collected from Yongning were resis-

tant, and 11 of the 593 (1.85%) accessions collected from

Fusui were resistant (Table 2). Results revealed that the com-

mon wild rice accessions collected from the Pingnan distri-

bution region showed the highest resistance to BPH, followed

by the ones from Yongning, and those from Fusui showed the

lowest resistance.

Further analysis revealed that the three major wild rice dis-

tribution regions of Pingnan, Yongning, and Fusui are exactly

on a line in the Xijiang River basin. Pingnan is located at the

lower reaches, Yongning at the middle reaches, and Fusui at

the upper reaches of the Xijiang River. The distribution of

BPH-resistant gene set in common wild rice was the highest

in Pingnan, followed by Yongning, and the lowest in Fusui,

indicating that there was a significant correlation between the

distribution frequency of resistance and the regions (Table 2,

Figure 5).

The results of the study on the imbalance of the fre-

quency of regional distribution of BPH-resistant resources

have important guiding significance for future exploita-

tion, indicating that the discovery of BPH-resistant

germplasm should focus on sampling from the wild

rice distribution regions in the lower reaches of the Xijiang

River which had the highest number of BPH resistant

accessions.

T A B L E 3 Regional differences in genetic diversity of common

wild rice (Oryza rufipogon)

Region Na Ne Ho He Nei I PIC
Pingnan 3.167 2.616 0.333 0.602 0.456 0.997 0.516

Yongning 3.167 2.703 0.319 0.615 0.600 1.020 0.527

Fusui 3.048 2.467 0.320 0.573 0.547 0.928 0.480

Note. Na, actual number of alleles; Ne, expected number of alleles; Ho, actual obser-

vation heterozygosity; He, expected observed heterozygosity; Nei, diversity index;

I, Shannon’s Information index; PIC, polymorphic information content.
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3.3 Genetic diversity of BPH-resistant
accessions

The 58 BPH-resistant accessions were genotyped with 42 SSR

polymorphic markers (Supplemental Table S3). Across the

markers, the mean number of alleles (Na) was 3.170, ranging

from 2 to 5; mean expected number of alleles (Ne) was 2.780,

ranging from 1.420 (RM525) to 4.640 (RM257); actual obser-

vation heterozygosity (Ho) was 0.326, ranging from 0.069

(RM489) to 0.690 (RM402); the expected observed heterozy-

gosity (He) was 0.614, ranging from 0.299 (RM525) to 0.792

(RM257); and the polymorphic information content (PIC) was

0.536, ranging from 0.253 (RM525) to 0.750 (RM257). The

diversity index (Nei) was 0.608, ranging from 0.297 (RM525)

to 0.785 (RM257), indicating the 58 accessions are genet-

ically divergent from each other. The Shannon’s Informa-

tion index (I) was 1.035, ranging from 0.473 (RM525) to

1.572 (RM257), suggesting a high degree of genetic polymor-

phism among these resistant accessions. These analyses indi-

cate that the 58 resistant accessions have rich genetic diversity,

which should be protected and utilized as a source of BPH

resistance. The high genetic diversity parameters detected for

RM286 (chromosome 11; 0.38 Mb), RM257 (chromosome 9;

17.72 Mb) and RM276 (chromosome 6; 6.23 Mb) suggest that

these genomic regions are regions of high-frequency variation

in the common wild rice in Guangxi (Supplemental Table S3).

Evaluation of the genetic diversity across the three regions

(Table 3) using the same parameters (Na, Ne, Ho, He, Nei, I,
and PIC) revealed the highest diversity index was in Yongn-

ing County, followed by Pingnan County. The PIC value of

these two regions was >0.5, indicating that the BPH-resistant

accessions were rich in genetic diversity. Fusui County had

the lowest genetic diversity index, with a PIC value of <0.5.

However, the number of BPH-resistant accessions was rela-

tively small (only 11 accessions), but the PIC value was still

0.48, which was close to 0.5. Therefore, the genetic diversity

of BPH resistant accessions in Fusui County was also high.

3.4 Cluster analysis of BPH resistant
accessions

Based on the abovementioned genotyping with 42 SSR mark-

ers and Nei’s genetic distance, unweighted pair-group method

with arithmetic means (UPGMA) cluster analysis was con-

ducted (Tamura et al., 2007), which divided the 58 BPH-

resistant accessions into four clusters (Figure 6). “Cluster

1” had the most genetic diversity, with 15 BPH resistant

accessions, including GXU (Guangxi University) 1329, 1305,

1323, 1324, 1136, 1096, 304, 306, 436, 895, 920, 1157,

F I G U R E 6 Unweighted pair-group method with arithmetic

means (UPGMA) cluster analysis of 58 brown planthopper

(BPH)-resistant accessions from common wild rice (O. rufipogon). The

numbers for the 58 accessions are GXU (Guangxi University) accession

numbers of common wild rice of Guangxi University. Red squares =
Pingnan; blue squares = Yongning; green squares = Fusui. Red circles

= scale 1 (highly resistant); blue circles = scale 3 (resistant); and green

circles = scale 5 (moderately resistant)
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F I G U R E 7 Principal coordinate analysis (PCoA) of 58 brown

planthopper (BPH)-resistant accessions of common wild rice (Oryza
rufipogon)

1055, 1051, and 1043. Clusters 2, 3, and 4 contained 9, 12,

and 22 resistant accessions, respectively. In all four clus-

ters, the accessions from the three regions were intermingled

and did not form independent clusters representing the three

regions but were both intersecting and independent clusters.

The results also showed that accessions at different resistance

levels were distributed across the four clusters and appeared

to cross with each other (Figure 6).

3.5 PCoA analysis of BPH-resistant
accessions

To investigate the genetic relationships between the 58 resis-

tant accessions from the three regions, a PCoA analysis was

conducted. The scatter plots of the first and second principal

components showed the same genetic pattern of an intermin-

gling of these accessions from the three regions, indicating

that their genetic distance was large and the level of genetic

diversity was high. These results indicate that the individual

BPH-resistant accessions in each region did not tend to cluster

together and crossed each other without significant regional

differentiation (Figure 7).

3.6 Population structure analysis of BPH
resistant accessions

Based on the Structure 2.3.4 model (Pritchard et al., 2000),

the population number (K) was set to 1–10, and the population

genetic structure of the tested accessions were analyzed three

times. Figure 8a shows the log-likelihood lnP(D) increased

as the K value increased, and there was no obvious maxi-

mum inflection point. Therefore, it was necessary to use the

lnP(D) value to calculate the ΔK value, and based on this

analysis (Figure 8b), when K = 2, the maximum inflection

point appeared. Thus, it appears the 58 accessions divide into

two stable subpopulations, based on the K value as shown in

Figure 8c. Observing the geographic origin and the subpop-

ulation of the accession again showed intermingling of the

accessions and no clear differentiation by geographical origin.

The genetic relationship between some of the accessions from

different geographical regions was relatively close, indicating

that the population structure had become diversified and the

genetic basis was broad. These results imply that conserva-

tion efforts should focus on protecting and utilizing this set

of BPH-resistant accessions to identify novel BPH resistance

genes.

4 DISCUSSION

Currently, SSST (IRRI, 1996) is the primary method used to

screen BPH resistance (Li et al., 2001; Sarao et al., 2016). This

method requires bulked seed to be sown in a box to produce a

large number of plants, which then requires a large population

of insects. Also, SSST is hindered by the excessive BPH infes-

tation required before the plants are rated, which takes about 2

or 3 wk, and the ratings are often inaccurate; thus, SSST is not

ideal for large-scale screening to identify resistant germplasm.

As an alternative, the SEM is fast, convenient, and accurate

and can be used in large-scale screenings for BPH resistance.

A single rice accession is represented by a single tiller (stem)

taken from a single plant, which is easy to collect and trans-

plant to a tray. Since there is one tiller from each accession in

a single tray (or infestation pool), significantly fewer insects

are needed to screen a large number of accessions. Also, the

SEM can be used to evaluate BPH resistance not only at the

vegetative stage but also at the reproductive stage, which is

not possible with the SSST. In summary, the SEM has the

following advantages: (a) the same plants can be evaluated

repeatedly because tillers can be taken from about the 20th

day after transplanting, which is the tillering stage in culti-

vated rice (O. sativa), until about 10 mo later for wild rice (O.
rufipogon) thus improving the reliability and accuracy of the

ratings; (b) it is easier to synchronize the development periods

of the rice plants and BPH insects for better infestations and

ratings; (c) there is less stem biomass as compared with the

whole plant, and thus the wilting period of susceptible rice

cultivars is shortened, as well as the evaluation period; and

(d) at the adult stage, synchronization of the evaluation period

and BPH insect development cycle results in excessive BPH

infestation and more accurate ratings.

For the SEM, the process of evaluating a negative con-

trol may be important for a case study on BPH resistance;

however, because insects can move from plant to plant, it is
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F I G U R E 8 Population structure analysis of 58 brown planthopper (BPH)-resistant accessions of common wild rice (O. rufipogon): (a) k value

analysis of the BPH resistant accessions; (b) ΔK value analysis of the BPH-resistant accessions; and (c) population structure chart of the

BPH-resistant accessions based on ΔK = 2 and arranged by county of origin. Blue squares = Subpopulation 1; orange squares = Subpopulation 2

difficult to include a negative control. A moderate resistant or

resistant control would be better to include as a comparison.

Even though our screening did not include a resistant control,

the results are accurate because the resistant accessions were

identified under high BPH pressure with an overabundance of

insects.

The limited number of BPH-resistant rice cultivars avail-

able is one of the main reasons for the annual BPH epidemic.

Despite both public and private breeding efforts, the lack of

BPH-resistant germplasm has hampered the development of

BPH-resistant cultivars. From 2016 to 2018, of the 513 rice

cultivars approved by the Ministry of Agriculture and Rural

Affairs of China, only four were BPH-resistant hybrid rice

cultivars, including one three-line hybrid rice, Gyou 429, and

three two-line hybrids, Aolongyou 282, Deliangyouhuazhan,

and Guangliangyou 990, and their resistance was only classi-

fied as moderately resistant (National Rice Data Center, China

Rice Variety and Pedigree Database, http://www.ricedata.cn/

variety/). To address this unfavorable situation, the discovery

of BPH-resistant accessions with novel BPH resistance genes

is necessary so that breeding programs can develop improved

BPH-resistant cultivars.

At present, the BPH-resistant genes [bph18(t) (currently

name Bph27), bph19(t), bph20(t) (currently name bph29),

T A B L E 4 Comparison of genetic diversity index of common wild rice

Study No. accessions No. SSR markers Na Ho He I Nei
Current study 58 42 3.170 0.326 0.614 1.035 0.608

Xue et al. (2016) 623 24 4.750 0.175 0.638 1.180 0.638

Pan et al. (2018) 4,173 46 18.44 0.509 0.719 1.737 0.719

Li et al. (2010) 90 24 2.180 0.606 0.503 0.880 0.503

Note. SSR, simple sequence repeat; Na, actual number of alleles; Ne, expected number of alleles; Ho, actual observation heterozygosity; He, expected observed heterozy-

gosity; Nei, diversity index; I, Shannon’s Information index; PIC, polymorphic information content.

http://www.ricedata.cn/variety/
http://www.ricedata.cn/variety/
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bph21(t), and Bph24(t)] obtained from Guangxi common

wild rice have been successively pyramided into elite culti-

vars to develop cultivars with BPH resistance (Zhao et al.,

2013), as summarized by Chen et al (2009) and Liu et al.

(2011). Specifically, Zhao et al. (2013) pyramided bph20(t)
and bph21(t) into the elite maintainer line BoIIIB and subse-

quently developed five additional resistant lines. New double-

resistance maintainer and sterile lines were bred by transfer-

ring bph18(t), bph19(t), bph20(t), bph21(t), and Bph24(t) into

these hybrid rice parents (Chen et al., 2010). Lastly, Liu et al.

(2011) introduced Bph24(t) and Bph3 from O. sativa into five

hybrid rice restorer lines, resulting in 13 Bph3Bph24(t) elite

lines. Of the Bph genes from common wild rice, Bph24(t) has

been used the most in cultivar development. Most recently,

rice strain 209B was crossed with Guangxi O. rufipogon
accession RBPH96 carrying Bph24(t), and the offspring

were screened using the SEM to identify the maintainer

line 18B with high BPH resistance, which was then trans-

ferred into CMS line 18A. Three new hybrid rice cultivars

(18A/R223, 18A/R217, and 18A/F028) obtained from crosses

with CMS line 18A are currently being evaluated in regional

trials.

A total of nine BPH resistance genes were mined from

30 Guangxi wild rice accessions collected 14 yr ago (Li

et al., 2006). In this study, 1,221 accessions of Guangxi com-

mon wild rice were screened for BPH resistance, and 33

highly resistant (HR) and resistant (R) BPH-resistant acces-

sions were identified (Supplemental Table S2). Because the

biotypes of BPH evolve gradually, it is particularly impor-

tant to identify additional resistance accessions that may con-

tain novel resistance genes. The discovery of these additional

resistant accessions is a powerful supplement to the currently

available BPH resistant germplasm and potentially provides

accessions for further exploration of BPH resistant genes,

development of additional resistant cultivars through breed-

ing, and germplasm for conducting the related theoretical

research on BPH resistance.

Genetic diversity is necessary for crop improvement

through breeding and cultivar development programs

(Swarup et al., 2020). Utilization of crop wild relatives is one

important aspect of increasing the available genetic diversity.

In China, one fundamental question still being argued is the

geographic origin of O. sativa. The germplasm of both O.

sativa and its wild ancestor, O. rufipogon are abundant with

their extremely wide distribution in China, over centuries

of domestication and evolution. Oryza sativa is cultivated

in >20 provinces, whereas O. rufipogon grows in seven

provinces: Fujian, Hunan, Jiangxi, Yunnan, Guangdong,

Guangxi, and Hainan, with a higher concentration in the last

three provinces (Wang et al., 2020). According to the previous

studies, Guangxi Province and the lower region of Yangtze

River was proposed as the center of origin of O. sativa based

on evidence from the distribution of O. rufipogon, the rich

germplasm of O. sativa and the discovery of rice phytoliths

(Fuller et al., 2009). Guangxi is an important distribution

region of common wild rice in China and is considered

the center of evolution and origin of cultivated rice. After

O. rufipogon around the middle area of the Pearl River in

southern China (Guangxi Province) was domesticated into

japonica rice, it was spread to Southeast and South Asia.

Subsequently, indica rice was bred by crossing between

japonica rice and local wild rice (Huang et al., 2012; Wei

et al., 2012). Kim et al (2016) used genotyping-by-sequencing

and Sanger sequencing to analyze the nuclear variation of

286 O. rufipogon Species Complex (ORSC). The results

showed that ORSC samples from Guangxi and Guangdong

in southern China are related to both japonica rice and indica
rice and supports rice domestication in this region.

Sun and Yang (2009) used 24 SSR markers to compare the

genetic diversity among 282 common wild rice plants rep-

resenting 15 populations including China (10 populations),

Laos (1), Vietnam (2), and Cambodia (2). The results showed

that the genetic diversity of common wild rice is richest in

China, followed by Laos and the lowest in Vietnam and Cam-

bodia, and that the common wild rice from Wuxuan and

Hezhou Counties in Guangxi Province is closely related to the

three Southeast Asian countries. Thus, the utilization value of

common wild rice in Guangxi is high, and this confirms the

importance of the accessions evaluated in this study, which

were collected from representative regions in Fusui, Yongn-

ing, and Pingnan Counties with dense distributions of com-

mon wild rice habitats.

In recent years, many studies have been conducted to deter-

mine the genetic diversity of common wild rice in Guangxi

and its surrounding provinces. In Table 4, we compare the

diversity indices (Na, Ho, He, I, and Nei) reported in this

study with previous studies of more accessions. These studies

include Xue et al. (2016), who used 24 SSR markers to ana-

lyze the genetic diversity of 623 Guangxi common wild rice

accessions; Pan et al. (2018), who used 46 SSR markers to

analyze the genetic diversity and population structure of 4,173

Guangxi common wild rice accessions; and Li et al. (2010),

who used 24 SSR markers to analyze the genetic diversity of

90 common rice accessions from Guangdong, which borders

Guangxi on the west. These results confirm that common wild

rice from this region is rich in genetic diversity and that the

42 SSR markers used to analyze the genetic diversity of 58

BPH-resistant accessions in this study are similar to previ-

ous reports. Thus, even though only 58 accessions were geno-

typed, based on the genetic diversity analyses, these resis-

tant accessions represent the rich genetic diversity of Guangxi

common wild rice. Based on this diversity, these accessions

are likely to harbor novel BPH resistance genes, which could

be used to develop rice cultivars with improved BPH resis-

tance, further documenting the potential importance and value

of Guangxi common wild rice.
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5 CONCLUSIONS

The SEM is a convenient, highly efficient, and accurate

method to screen for BPH-resistant rice germplasm. This

method is especially useful when seeds are limited or not

available, when screening needs to be done immediately,

or when evaluating plants at the reproductive (adult) stage

because fewer insects are needed due to tillers (stems) being

screened and not entire plants. This method can be used to

evaluate a collection of rice accessions as demonstrated in this

study, screen breeding lines as part of a cultivar development

program, or access the resistance of the individual lines com-

posing a segregating mapping population BPH gene identifi-

cation. Future studies will focus on determining if there are

novel BPH resistance genes in the 33 resistance accessions

identified in this study. If novel genes are identified, marker-

assisted selection methods will be used to incorporate these

resistance genes into elite rice cultivars.
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