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G E N E T I C S

The genomic history and global migration of a 
windborne pest
Qing-Ling Hu1,2, Ji-Chong Zhuo1, Gang-Qi Fang3,4, Jia-Bao Lu1, Yu-Xuan Ye2, Dan-Ting Li2,  
Yi-Han Lou2, Xiao-Ya Zhang2, Xuan Chen2, Si-Liang Wang2, Zhe-Chao Wang2, Yi-Xiang Zhang3,4, 
Norida Mazlan5, San San OO6, Thet Thet6, Prem Nidhi Sharma7, Jauharlina Jauharlina8,  
Ir Henik Sukorini9, Michael T. Ibisate10, S.M. Mizanur Rahman11, Naved Ahmad Ansari2,12,  
Ai-Dong Chen13, Zeng-Rong Zhu2,14, Kong Luen Heong2, Gang Lu1, Hai-Jian Huang1, Jun-Min Li1, 
Jian-Ping Chen1, Shuai Zhan3,4*, Chuan-Xi Zhang1,2*

Many insect pests, including the brown planthopper (BPH), undergo windborne migration that is challenging to 
observe and track. It remains controversial about their migration patterns and largely unknown regarding the 
underlying genetic basis. By analyzing 360 whole genomes from around the globe, we clarify the genetic sources 
of worldwide BPHs and illuminate a landscape of BPH migration showing that East Asian populations perform 
closed-circuit journeys between Indochina and the Far East, while populations of Malay Archipelago and South 
Asia undergo one-way migration to Indochina. We further find round-trip migration accelerates population dif-
ferentiation, with highly diverged regions enriching in a gene desert chromosome that is simultaneously the spe-
ciation hotspot between BPH and related species. This study not only shows the power of applying genomic 
approaches to demystify the migration in windborne migrants but also enhances our understanding of how sea-
sonal movements affect speciation and evolution in insects.

INTRODUCTION
Migration is a common strategy among animals in response to 
changes in seasonal habitats. Migratory animals avoid adverse cir-
cumstances and might travel up to thousands of kilometers to lo-
cate appropriate environments during changing seasons. Insects 
are the most abundant group of terrestrial migrants (1). Migration 
in most insects differs from migration in vertebrates due to their 
short life cycle, tiny body size, and limited self-propelled flight ca-
pability. Perhaps the most well-known migratory insect species is 
the monarch butterfly (Danaus plexippus), which travels up to 4000 km 
from its eastern North American breeding grounds to overwin-
tering sites in central Mexico (2, 3). However, the vertebrate-like, 
self-powered migratory behavior often observed in monarchs is 
uncommon in insects. Most migratory insects undertake multi-
generational migration, during which they cannot reach the ulti-
mate destination within a single generation and instead mate and 

reproduce along the journey. Moreover, many small insects such as 
hemipteran migrants fly at high altitudes, where their migration is 
largely wind-driven. While migration has been extensively studied 
in the monarch butterfly and some vertebrate migrants for naviga-
tion mechanisms and “migratory genes” (4–7), it remains largely 
unknown whether the migration in other insects relies on similar 
functional modules and leads to a similar evolutionary consequence. 
Methodological developments and extensive field studies have en-
abled the tracking of migratory pests at a macroscale (8–10) and 
even at individual level for large insects (11). However, it remains 
challenging to definitively determine the movement dynamics of 
small windborne migrants.

The brown planthopper (BPH), Nilaparvata lugens (Stål) 
(Hemiptera: Delphacidae), is a highly destructive rice pest worldwide. 
These specialized pests pose a serious threat to rice production by 
extracting liquid nutrients from phloem and transmitting various 
rice viruses in Asian regions (12–14). BPHs have a wide distribu-
tion ranging from Asia to northern Australia (15). They are distribu
ted in tropical regions, including the major rice-planting areas in 
South Asia (SA) and Southeast Asia (SEA), all the year round and 
seasonally present in temperate and subtropical regions of East 
Asia (EA), reaching as far north as the Far East (16, 17). BPHs do 
not undergo diapause and hence cannot survive the cold winter in 
EA; instead, they migrate southward to overwintering sites in trop-
ical regions and then remigrate northward the following spring (16, 
18–22). Because of their small body size (2 to 3.5 mm in length) 
and low flight speed (approximately 0.3 m/s), BPHs are considered 
classic windborne migrants capable of long-distance migration 
with the assistance of high-altitude air flows (monsoons), but with 
no effective control over displacement speed and heading direction 
(18, 19, 23). In the past few decades, ecological studies based on 
field traps and radar observations have provided predictions on the 
overall migration scope, as well as overwintering sites, for EA pop-
ulations (16, 21, 22, 24). However, many aspects of BPH migration 

1State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and 
Safety of Agro-Products, Key Laboratory of Biotechnology in Plant Protection of 
Ministry of Agriculture and Zhejiang Province, Institute of Plant Virology, Ningbo 
University, Ningbo 315211, China. 2Institute of Insect Science, Zhejiang University, 
Hangzhou 310058, China. 3Key Laboratory of Plant Design, CAS Center for Excel-
lence in Molecular Plant Sciences, Chinese Academy of Sciences, Shanghai 200032, 
China. 4CAS Center for Excellence in Biotic Interactions, University of Chinese Acad-
emy of Sciences, Beijing 100049, China. 5Institute of Tropical Agriculture and Food 
Security, and Faculty of Agriculture, University Putra Malaysia, 43400 Serdang, 
Malaysia. 6Taungoo University, Taungoo 05063, Myanmar. 7Entomology Division, 
Nepal Agricultural Research Council, Khumaltar, Lalitpur, Kathmandu 44600, Nepal. 
8Department of Plant Protection, Faculty of Agriculture, Syiah Kuala University, 
Banda Aceh 23111, Indonesia. 9Agrotechnology Study Program, Muhammadiyah 
University of Malang, Malang 65145, Indonesia. 10College of Agriculture, Forestry 
and Environmental Sciences, Aklan State University, Banga, Aklan 5601, Philippines. 
11Sher-e-Bangla Agricultural University, Sher-e-Bangla Nagar, Dhaka 1207, Bangladesh. 
12Department of Zoology, Aligarh Muslim University, Aligarh, U.P. 202002, India. 
13Agriculture Environment and Resources Institute, Yunnan Academy of Agricul-
tural Sciences, Kunming 650205, China. 14Hainan Institute, Zhejiang University, 
Sanya 572025, China.
*Corresponding author. Email: chxzhang@​zju.​edu.​cn (C.-X.Z.); szhan@​sibs.​ac.​cn (S.Z.)

Copyright © 2024 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 29, 2024

Page 4 of 16 - Bài nộp về tính toàn vẹn Submission ID trn:oid:::1:3020741898

Page 4 of 16 - Bài nộp về tính toàn vẹn Submission ID trn:oid:::1:3020741898

mailto:chxzhang@​zju.​edu.​cn
mailto:szhan@​sibs.​ac.​cn
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adk3852&domain=pdf&date_stamp=2024-04-24


Hu et al., Sci. Adv. 10, eadk3852 (2024)     24 April 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

2 of 13

are still unknown or controversial, such as whether most EA mi-
grants return or further travel to SA or SEA.

Molecular evidence has been extensively used to trace the evo-
lutionary and colonization history of animals and plants (5, 25, 26). 
Previous molecular-level studies on BPH migration based on either 
scattered markers or incomplete sampling could not yield enough 
resolution to completely differentiate BPH populations (27–30). In 
this study, we sampled worldwide BPH populations for whole-
genome sequencing and pioneer to genetically track their migra-
tory routes. We also aim to investigate the existence of migratory 
genes in windborne insect migrants and to explore the evolution-
ary consequences of these migrations.

RESULTS
Characterize the genetic relationship across BPHs 
around the globe
We collected BPH populations from 90 geographic locations from 
across their worldwide distribution, including almost all cultivated 
rice-planting areas across EA, SA, and SEA, from 2009 to 2018 
(Fig. 1A and data S1). We also sampled an Australian population of 
BPH and two individuals of the sister species, Nilaparvata muiri, from 
the wild rice species, Leersia hexandra Swart (data S1). A total of 360 
planthoppers were subjected to whole-genome sequencing, with an 
average of 10.9-fold coverage per sample, yielding 5.05 Tb of clean data 
in total (data S1). By mapping to the chromosomal-level assembly of 

Fig. 1. Geographic and genetic relationship across worldwide BPHs. (A) Sampling locations of BPH and two N. muiri individuals across the majority of worldwide 
distribution regions. The sampling region covers more than 90% of the worldwide rice planting areas [green background in the inset map; data from Monfreda (87)]. 
The sampling map was generated using ArcMap. Dark green points, EA populations; blue points, SEA populations; red points, SA populations; light green points, FJ 
populations; orange points, BGD population; gray points, AUS populations; triangle, N. muiri. (B) PCA of all sequenced individuals based on whole-genome SNPs. The 
first three components are displayed, with the first component being shown as inset. (C) Neighbor-joining phylogeny of all sequenced individuals based on whole-
genome SNPs using N. muiri as outgroup. Branch colors indicate the information of geographic distribution: Green, EA; blue, SEA; red, SA; orange, BGD; light green, FJ; 
gray, AUS; black, N. muiri. See the cladogram format of this tree in fig. S1. (D) Ancestry analysis of all sequenced individuals. The colors in each column represent the 
ancestry proportion of presumed genetic groups ranging from K = 5 to 6. The presented result was inferred by sNMF (71). See alternative results, inferred by admixture 
(72), in fig. S2.
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BPH (31), a total of 25.23 million high-quality variants were identified, 
equaling approximately 26 variants/kb. The dense variation dataset 
allows for a high level of resolution in population genetic studies.

We first analyzed the genetic relationship among all sequenced 
individuals to characterize population structures of existing BPHs. 
Both the principal components analysis (PCA; the first principal 
component) and the inferred neighbor-joining (NJ) phylogeny evi-
dently differentiated Australia (AUS) population from Asian BPHs 
(Fig. 1, B and C, and fig. S1). This deep split might be attributed to 
geographic barrier and host difference, given that no cultivated rice 
is planted in North Australia. A previous hybridization experiment 
showed that the F1 and F2 generations of Australian and Philippine 
populations developed normally (32), suggesting divergence be-
tween Australian and Asian populations has not reached the specia-
tion level. AUS population was thus mainly used as the outgroup in 
subsequent analyses.

The Asian clade exhibited weak bootstrap support for most inter-
nal nodes and short branches between them (Fig. 1C and fig. S1), sug-
gesting a generally low level of population differentiation across Asian 
BPHs. Among the 90 sampled geographic populations, only 12 popu-
lations were identified as independent lineages with robust bootstrap 
support (>90%; fig. S1). On the other hand, most genetically distin-
guished sublineages consisted of samples with unrelated geographic 
origins (fig. S1). Some samples showed the most proximity to those 
sampled as distantly as 2600 km away, e.g., a BPH sampled in Vietnam 
(YN3B-4) was tightly clustered with three samples from Korea (KOR) 
(fig.  S1). The collapsed pattern of spatial structures at continental 
scales suggests massive movements across Asian BPH populations.

Relatively speaking, BPHs from SA and neighboring regions, en-
compassing Myanmar and the southwest border of China (referred to 
as SA), were found evidently distinguishable from East Asian (EA) 
populations based on phylogeny, PCA (component #2), and the 
model-based ancestry analysis, whereas Southeast Asian (SEA) sam-
ples were largely intermixed with SA or EA samples (Fig. 1, B to D, 
and figs. S2 and S3A). Further increase of presumed ancestry (k = 6), 
the analysis achieved the lowest cross-validation error (0.630) and 
considerably differentiated most Southeast Asian (SEA) samples from 
EA and SEA samples (Fig. 1D).

Two populations from Fujian (FJ), China, and three populations 
from Bangladesh (BGD) were found to form two distinct monophy-
letic lineages with long branches (Fig. 1C). These deep splits were fur-
ther supported by PCA analyses (components #2 and 3), ancestry 
analysis (at k = 5) (Fig. 1D and fig. S2), and mitochondrion-based 
phylogeny (fig. S4). In addition, no individuals sampled from these 
populations were genetically placed outside the sublineages. These 
groups are likely to be resident populations, independent from their 
geographically nearby populations.

Determination of the distribution and movement scope of 
different BPH groups
We have characterized three genetic groups (EA, SEA, and SA) for 
most Asian BPHs, each covering a vast distributional area (fig.  S5). 
They are very likely to engage in long-range migration but relatively 
distinct from each other, implying that the migration scope of each 
group is relatively closed and unique. We aimed to determine the main 
movement scope of each group based on the geographic populations 
they were involved with. To achieve this, we analyzed the geographic 
populations by assigning each involving sample to a designated main 
group based on its estimated ancestry, while the individual without 

dominant ancestry was alternatively classified to an admixed group 
(Materials and Methods). This approach genetically characterized 80 
EA BPHs, 96 SEA BPHs, 70 SA BPHs, and 74 admixed BPHs (data S1). 
According to the involving individual ancestry, each geographic popu-
lation was in turn classified as one of the main groups (EA, SEA, or SA) 
or considered admixed (Materials and Methods and data S1). Thus, 
the movement scope of each main group could be determined 
based on the spatial distribution of all included populations (Fig. 2A 
and fig. S5).

As a result, 25 geographic populations, comprising either EA indi-
viduals only or additionally including admixed individuals, were ge-
netically classified as EA populations (Fig.  2A). In addition to the 
geographic locations of EA, three populations from north-central 
Vietnam were also identified as EA populations, signifying the likely 
southernmost border of the EA group (Fig. 2A and fig. S5). This ge-
netically defined border agrees with previous field surveys that pro-
pose the north-central Vietnam region as a potential source of EA 
migrants (20, 21, 33) and elucidates the limited influx of immigrants 
from other regions into EA.

We also defined 28 and 17 geographic populations as SEA and SA 
populations, respectively (Fig. 2A). The involved geographic locations 
indicate that SEA BPHs travel throughout the western Pacific islands 
and the majority of the Indochina peninsula, whereas SA BPHs travel 
through SA, spanning from Pakistan in the west to northwestern 
Thailand and southwestern China in the east. The eight remaining 
admixed populations are primarily distributed in Indochina and the 
southern coastal regions of China (Fig. 2A and fig. S5).

To assess the robustness of grouping, we additionally identified 
“core” samples to respectively represent the extreme ancestry of EA, 
SEA, and SA (see Materials and Methods, fig. S3B, and data S1) and 
conducted D statistics to compare the genetic proximity of each geo-
graphic population to these core ancestries. As expected, all defined 
EA populations exhibited closer genetic proximity to the core EA an-
cestry than to SEA or SA ancestry; likewise, defined SEA and SA 
populations showed genetic affinity to their respective SEA and SA 
ancestries when compared with other ancestries (Fig. 2B).

Reconstruction of the evolutionary history of BPH groups
The maximum-likelihood phylogenetic analyses across core sam-
ples and across 21 nonadmixed populations both placed EA-SEA 
and SA populations as sister clades (Fig. 3A and fig. S6A), suggest-
ing a relatively ancient split between SA and SEA-EA. In addition, 
this population-level phylogenetic analysis revealed the origins of 
two derived populations. The BGD group was clustered with SA 
populations (Fig. 3A), suggesting a derived history from the local 
adaptation of passing SA populations. Although geographically 
surrounded by nearby EA populations, the FJ group was geneti-
cally clustered with SEA populations, indicative of an SEA origin. 
This nonprimary route from the Philippines to the eastern coast of 
China is possibly due to the west Pacific typhoons, as suggested in 
previous studies (34–36). Main population characteristics support 
the founder effects of these two local populations, including higher 
levels of linkage disequilibrium, less fractions of negative Tajima’s D, 
and increased minor allele frequency (fig. S6, B to D).

We further estimated the dynamic population history using the 
pairwise sequentially Markovian coalescent (PSMC) model (37). 
This analysis revealed a concordant history of population expansion 
among all Asian groups, which diverged from the Australian popula-
tion since ~30,000 years ago (Fig. 3B). Approximately 20,000 years 
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Fig. 2. Genetic sources of and gene flows worldwide BPHs. (A) Genetic sources of each geographic population along with its genetic relationship to one of the main 
genetic groups. The genetic sources of all sampled individuals of the focal population (names shown on the left of each row, and individuals included in each popula-
tion were listed in data S1) are shown with colored cells, i.e., what main groups the sampled individuals of this population were genetically assigned to. Each indi-
vidual was defined to a main genetic group or an admixed group based on the inferred ancestry component (see Materials and Methods). Admixed populations are 
displayed in gray cells. (B) D statistics are shown to support the genetic assignment results. D indicates the comparison between the affinity of each geographic 
population with one of the main groups A and that with B (names shown on the top). D < 0 supports the affinity of the target population with the main group A, while 
D > 0 supports that with group B. Australian populations were used as outgroup. (C) Bar plots illustrating the inferred gene flows on focal populations. Left: Gene flows 
from other populations of certain groups (in color) to the focal population. Right: Gene flows from the focal population to other populations.
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ago, around the Last Glacial Maximum (LGM), all groups began to 
decline (Fig. 3B), presumably due to the shortage of host plants (38, 
39). The adverse host conditions might have driven host shifts in her-
bivores, leading to founder effects (bottlenecks) and population dif-
ferentiation. The multiple sequentially Markovian coalescent (MSMC) 
(40) model recovered these progressive split events overlapped with 
the concordant population decline in PSMC (fig. S7). Furthermore, 
both PSMC and MSMC models inferred that the main BPH groups 
completely separated from each other and independently evolved 
since approximately 2000 years ago (Fig. 3B and fig. S7), coinciding 

with the extensive cultivation of rice in Asia. It is thus possible that the 
increased paddy cultivation throughout Asia allowed BPHs to expand 
territories via long-range migrations, leading to population recovery. 
These patterns jointly indicate an important role of host condition 
changes in driving the global dispersal of BPHs. Similarly, the ancient 
split between SA and EA/SEA was possibly another consequence of 
host shift, as indica cultivars were domesticated and extensively planted 
in SA, in comparison to japonica in EA and SEA (41).

Inference of the migration routes within each BPH group
Characterizing the dynamic processes within the scope is more chal-
lenging than defining the movement boundary, especially for small 
animals such as BPHs that are difficult to track. Here, we attempted to 
infer the main movement routes based on pairwise gene flows and the 
genetic differences across traveling sites. To do this, we used the three-
population test to check whether the target population was an admix-
ture between two tested populations. We conservatively defined a 
gene flow between two populations (from A to X) only when the tar-
get population (X) showed signatures of mixture [Z < −3 of (X; A, B)] 
and B was not defined as the source (see Materials and Methods).

Several lines of evidence suggest that the inferred gene flows are 
reliable in the relevant geographic context. First, none of the geneti-
cally distinct populations (i.e., AUS, BGD, and FJ) showed mixture 
signatures (Fig. 4). Second, we found predominant output flows in 
populations distant from Indochina (as donor), while populations 
within or approaching Indochina showed much more input flows 
than output (as recipient) (Fig. 2C). Assembly of these progressive 
flows reconstructs three main migratory trajectories from various 
remote locations of EA, Malay Archipelago, and SA to Indochina 
(Fig. 4 and figs. S8 to S11), agreeing with the directions of document-
ed prevailing winds that largely influence these windborne migrants 
(fig.  S12). More specifically, the two central Vietnam populations 
(VNM0 and VNM3) sampled in early spring exhibited evident gene 
flows to EA populations (fig. S8), agreeing with the fact that EA mi-
gration starts from north-central Vietnam every early spring (22). By 
contrast, we detected admixed input gene flows in the further north 
Vietnamese population sampled in late summer when EA migrants 
leave (fig. S8), possibly due to population recolonization by nearby 
tropical populations (22). Nevertheless, we note that this conserva-
tive approach might overlook intermediate mixtures between popu-
lations, i.e., potential links between “internal” breeding area along 
the migratory route could be underestimated, and might be biased by 
the sampling seasons.

As a result, we inferred 628 and 280 gene flows within and between 
main groups (EA, SEA, and SA), respectively (Fig. 4). In EA, we ob-
served considerable northeastward gene flows from Vietnam to vari-
ous EA locations and more reverse gene flows from the remote 
populations, such as Japan, Korea, and coastal regions of China, step-
wise toward populations proximal to or within Indochina (Fig. 4 and 
fig. S9). In SEA, massive gene flows were found from the archipelagos 
of insular SEA toward central and southern Indochina, as well as 
short-range flows from southern Vietnam to Thailand and Laos 
(Fig. 4 and fig. S10). In SA, the prevailing gene flows were eastward, 
extending from as far west as Pakistan to central-south Indochina 
(Fig. 4 and fig. S11).

Overall, we found gene flows toward Indochina were evident in 
all three main groups, while reverse gene flows were present in EA 
but sparsely observed within SEA and SA (Fig. 4). Thus, we pro-
pose two distinct seasonal movement patterns for global BPHs: a 

Fig. 3. Inferred evolutionary history of main BPH groups. (A) Inferred phyloge-
ny among nonadmixed populations using TreeMix. From top to bottom, popula-
tions used as follows: MYS2, IDN1, PHL5, CHN_FJ2, VNM4, CHN_HI3, CHN_ZJ2, 
VNM0, VNM3, KOR, PHL2, CHN_HB, THA7 + THA1 + THA9, CHN_YN2, BGD1, NPL1, 
IND3, PAK, LKA, and MMR6. (B) Demographic history of main BPH groups inferred 
by the PSMC model. “Core” samples from each main group were selected as repre-
sentatives to show the effective size and divergence times. Gray shadow indicates 
the period Asia BPHs began to decline, while the green shadow indicates the peri-
od when different Asia groups fully diverged. The mutation rate (8.4 × 10−9) was set 
based on Drosophila (76).
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multigenerational, round-trip migration in EA and two respective 
one-way migrations to Indochina in SEA (Malay Archipelago) and 
SA. These patterns can be attributed to the climate conditions of 
the involved locations. Most remote destinations of EA migrants 
are temperate regions where BPHs cannot overwinter, necessitat-
ing the remigration of EA populations southward for overwinter-
ing in the tropics. By contrast, most stopover areas of SA and SEA 
BPHs are in the tropics, where the host plant (rice) is grown year-
round for breeding.

EA migratory populations are highly diverged from 
other populations
It is noteworthy that Indochina serves as both the overwintering site 
of EA migrants and the destination of SA and SEA migrations (fig. S5), 
enabling the potential of genetic exchanges among geographically 
proximate locations. However, we observed very few outliers with 
SEA or SA ancestry being sampled in any remote locations of EA 
(Fig. 2A). We further found that many EA populations, particularly 
those distant from Indochina, exhibit relatively high levels of genetic 
differentiation (dXY) from all other populations, whereas SEA and SA 
populations within or surrounding Indochina showed relatively low 
levels of dXY from each other (fig. S13). Some EA populations even 
showed higher levels of dXY with each other than with SEA popula-
tions (fig.  S13). Considering the recent split between EA and SEA 
groups (Fig. 3A), it is likely that the long-distance, round-trip migra-
tion of EA not only maintains the original divergence from other 

groups but also has further triggered within-group differentiation, 
resulting in the observed high dXY.

Highly diverged regions occurred on a single chromosome
Genetic divergence is typically caused by either natural selection or 
genetic drift. We were interested in identifying the highly diverged 
regions between EA and other groups and addressing whether these 
regions might account for the unique adaptation to the long-distance 
migration in EA. Many genomic regions show correlated genetic dif-
ferentiation between EA versus SEA and EA versus SA (Fig. 5A). To 
our surprise, the vast majority of these highly diverged genomic re-
gions are located on a single chromosome, chromosome 8, rather 
than being interspersed throughout the genome (Fig. 5A). By isolat-
ing genomic segments with the highest 1% FST, we found that 95.1% 
(between EA and SEA) and 93.2% (between EA and SA) of these seg-
ments were located on chromosome 8 (data S3). In comparison with 
other chromosomes, we observed significantly higher population dif-
ferentiation statistics between EA and other groups on chromosome 
8, including FST (P < 2.2 × 10−16, one-sided Wilcoxon rank-sum test; 
Fig. 5B) and XP-CLR [the cross-population composite likelihood ra-
tio; (42)] (P < 6.09 × 10−64, one-sided Wilcoxon rank-sum test; fig. S14 
and data S2).

The top highly diverged regions encompass 201 genes (between 
EA and SEA) and 228 genes (between EA and SA); the majority (169) 
of these genes are overlapped (Fig. 5C). However, we observed that 
most of these genes had extremely low expression levels across 55 

Fig. 4. Inferred migratory trajectories of worldwide BPHs. Inferred gene flows between any pair of geographic populations (see Materials and Methods). Colored cir-
cles indicate geographic populations: green, EA populations; blue, SEA populations; red, SA populations; yellow, admixed populations. Lines with the same colors repre-
sented genes flows started from the corresponding populations. Gray lines showed gene flows started from admixed populations. Light green and orange triangles 
represented FJ and BGD populations. The colored clocks summarize the calculated angles, based on the GPS information, of all inferred gene flows within the correspond-
ing group. The arrow direction indicates the mean angle representing the prevailing flows. To highlight the main pattern, only long-range gene flows (>1000 km) are 
plotted here (see figs. S8 to S11 for detailed information of all gene flows and fig. S12 for associated wind patterns).
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Fig. 5. Genome-wide selection and divergence of EA from other migratory groups. (A) Window-based genomic divergence (FST) between EA and groups (dots). 
Median values of windows on chromosome 8 and the rest of genomes are indicated by green and gray dashed lines, respectively. (B) W-transformed FST between EA and 
SEA (red dots) and between EA and SA (blue dots) along chromosomes. (C) Gene counts with the most evident signatures of population differentiation. (D) Key word 
frequency for annotation of 169 overlapped gene as shown in (C). (E) Genomic features across different BPH chromosomes. From top to bottom, the number of protein-
coding genes per megabase genome, the percentage of expressed genes out of all located protein-coding genes, the percentage of repeat elements of each chromo-
some, the mapping quality of reads, and the percentage of three-way orthologs among three planthoppers out of all protein-coding genes. Chromosome 8 is in red. 
(F) Distribution of recombination rates across different chromosomes for EA populations in 4Ne*r (where Ne is the effective size and r is the recombination rate). The red 
dashed line indicates the mean value of rho across all chromosomes. The two horizontal lines above and below the box represented the quartiles, the horizontal line in 
the middle represented the median, and the two whiskers showed the 1.5× interquartile expression on each chromosome. (G) Chromosome-scale synteny blocks be-
tween N. lugens and related species L. striatellus and S. furcifera using MCScanX (88). (H) Evolutionary rates of ortholog genes among planthopper species. The phyloge-
netic tree is based on (48). The distribution of dN, dS, and dN/dS on each chromosome are shown in black boxes for N. lugens versus L. striatellus and red boxes for N. lugens 
versus S. furcifera. Chromosome 8 is highlighted in green.
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representative developmental stages and tissues of BPH (fig.  S15). 
Furthermore, we found that a great proportion of these genes are ei-
ther specific to BPH (38) or annotated with unknown function (44) 
(Fig. 5D and data S4). There were only 32 genes annotated with bio-
logical pathways, but no pathways were significantly enriched (cor-
rected P < 0.05, hypergeometric test).

The highly diverged chromosome is a gene desert
What factors have caused chromosome 8 to be the differentiation out-
lier across all chromosomes? It was first ruled out as a sexual chromo-
some based on the sequencing coverage between males (X-) and 
females (XX) (31). Chromosome 8 encodes 512 protein-coding genes, 
exhibiting the lowest gene density among all chromosomes (7.5 genes/
Mb, 31 to 62% lower than the other 15 chromosomes; Fig. 5E and data 
S2). Through profiling the spatial-temporal expression across 55 rep-
resentative transcriptomes, we observed a significantly lower level of 
expression in genes of chromosome 8 in comparison to any other 
nonsexual chromosomes (P < 4.34 × 10−9, one-sided Wilcoxon rank-
sum test) (fig. S16 and data S2). In addition, this chromosome has a 
much higher ratio of unexpressed genes (25.4%), which is much high-
er than other autosomes ranging from 6.8 to 14.3% (Fig. 5E and 
data S2). Combined, chromosome 8 shows apparent features of a gene 
desert (43).

On the other hand, we found that chromosome 8 is of remark-
ably high level of repeat content (79.4%, higher than any other 
chromosomes; Fig. 5E), which often causes improper mapping and 
false-positive variation calling. The overall mapping quality on chro-
mosome 8 was indeed lower than most other chromosomes (Fig. 5E). 
We thus reanalyzed the population differentiation statistics by exclud-
ing variations within repetitive regions and found extreme divergence 
outliers still enriched in chromosome 8 (fig. S17, A and B). To avoid 
Wahlund effect by pooling multiple populations within a group, the 
comparisons were also performed between representative single pop-
ulations, which still revealed the most highly diverged signatures on 
chromosome 8 (fig. S18, A and B). Together, the correlation between 
the overwhelmingly diverged signatures and the gene desert chromo-
some is unlikely to be caused by technical issues.

Chromosome 8 reconciles population differentiation 
and speciation
Population differentiation is considered to be associated with local 
recombination rate (44, 45). Correspondingly, we observed signifi-
cantly lower recombination rates, especially in the EA group, in chro-
mosome 8 than in the rest of genome (P < 5.19 × 10−4, one-sided 
Wilcoxon rank-sum test; Fig. 5F). A reduced recombination rate is 
thought to impede gene flow and create species barriers (46, 47), 
prompting us to investigate the role of chromosome 8 in speciation. 
We compared the BPH genome with those of two other closely related 
species, the white-backed planthopper Sogatella furcifera and the 
small BPH Laodelphax striatellus, which diverged from BPH approxi-
mately 64.4 million years (48). We characterized 5542 three-way or-
thologs that share the consistent chromosomal assignment across the 
three planthopper species and found only 80 of them located on chro-
mosome 8, which (15.6% of all protein-coding genes) is significantly 
underrepresented compared to other chromosomes (33.41%; Chi-
square test, P = 1.9 × 10−10; Fig. 5E and data S2). Chromosome 8 also 
exhibited the lowest density of genomic synteny blocks across all 
chromosomes except Y (Fig. 5G). We further estimated the synony-
mous (dS) and nonsynonymous (dN) substitution rates between BPH 

and the other two planthoppers (S. furcifera and L. striatellus), respec-
tively, for orthologous genes. As a result, orthologs on chromosome 8 
present significantly higher dN and dS than those on any other chro-
mosomes, except chromosome 14 (Fig. 5H). These lines of evidence 
jointly suggest that chromosome 8 has undergone rapid evolution in 
terms of both gene turnover and sequence variation along with the 
speciation of planthoppers.

The comparison between SEA and SA groups identified multiple 
peaks with relatively even divergence signatures, including those from 
chromosome 8 (fig. S17C). However, the degree of divergence is much 
lower than the comparisons with EA (fig. S17). Coupled with the pro-
posed history that SA first split from EA/SEA and then EA and SEA 
separated, we hypothesize that the speciation hotspot on chromo-
some 8 has been anciently maintained along with the within-species 
differentiation of BPH and further promoted along with the evolved 
round-trip migration in EA.

DISCUSSION
In this study, we applied population genomic approaches to charac-
terize the genetic architectures and evolutionary history of worldwide 
BPHs and pioneered the inference of the main seasonal movement 
patterns for these windborne migrants based on gene flows. We pro-
pose that BPHs of SEA and EA first diverged from those in SA and 
that EA populations further diverged from tropical SEA populations 
along with the evolved northward migration to colonize temperate 
regions. Our results reveal that BPHs in EA undergo a round-trip sea-
sonal migration between Indochina and EA, while those in SA and 
Malay Archipelago seem to exhibit one-way migration, from their 
respective remote ends into Indochina (Fig. 4). Notably, the inferred 
massive migration in SEA and SA is unexpected to some degree, as 
relatively short-distance movement is expected for BPHs living in the 
tropical continuous-breeding areas (22, 49). Correspondingly, previ-
ous studies showed a population sampled in Philippines is genetically 
distinct from populations in SEA and EA (29). It is noteworthy that 
the inferred gene flows from Philippines to Indochina in our study 
were based on five other different populations that were all sampled in 
February and March (data S1), when the monsoon wind from the 
western Pacific Ocean prevails (fig. S12). A likely scenario reconciling 
the disparity would be the existence of multiple populations with dif-
ferent migratory properties in Philippines, including both local popu-
lations as we found in FJ and migratory populations moving with 
the winds.

Because most Asian BPHs travel toward Indochina, there is a geo-
graphic potential for interbreeding among populations of EA, SEA, 
and SA in this region. Correspondingly, we found relatively evident 
spatial population genetic structures in remote populations of SEA and 
SA, with a gradual lack of structure signatures as they approach Indo-
china (Fig. 1 and fig. S1). Although the round-trip migration reduces 
genetic structuring among most populations in EA (Fig. 1 and fig. S1), 
admixed signatures were frequently detected in southern populations 
proximal to Indochina (Fig.  2 and figs.  S5, S10, and S11). Previous 
studies have suggested frequent interbreeding of rice planthoppers 
across the areas of Greater Mekong subregion and EA migrants over-
winter in central-south areas of Indochina (22, 50, 51). Thus, a progres-
sive gene introgression from SA and SEA to EA should occur during 
the overwintering periods. On the other hand, we found that EA and 
SEA populations are genetically differentiable (Fig. 1D and fig. S3B) 
and unexpectedly observed ongoing rapid differentiation within EA 
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populations (fig.  S13). These patterns, in turn, indicate an existing 
“mechanism” that helps maintain the genetic ancestry and traits in EA 
populations.

We observed EA ancestry dominated in north-central Vietnam 
populations sampled on planted rice in January to March (data S1), 
differing from the SEA ancestry in south Vietnam populations and 
even from the admixed ancestry in further north populations sam-
pled in late summer (Fig. 2A and figs. S5 and S8). The unexpected 
genetic disparities among Vietnamese populations could be explained 
either by an assumed scenario that the short-range movements of pl-
anthoppers in the Greater Mekong are seasonal or by assumed con-
straints on interbreeding. Further behavioral assays and genomic 
studies on more samples from additional locations and seasons might 
help resolve the disparity. Nevertheless, this finding supports the pos-
sibility of north-central Vietnam being an optional overwintering 
area for EA migrants. Moreover, recent studies have identified 23°N to 
25°N as the potential northern overwintering boundary for BPH, en-
compassing southern areas of China such as Hainan, Guangdong, 
Guangxi, and FJ (16, 24, 52). Respective colonization of dispersed 
overwintering sites might help EA populations maintain their rela-
tively unique genetic structures.

It is also unexpected that there are no SEA or SA outliers in central-
north sampling sites of EA (Fig. 2A and fig. S5), given that the direc-
tion of BPH migration largely depends on winds. Why do SEA and SA 
immigrants arriving in Indochina not travel north together with other 
EA remigrants? It is unlikely due to a memory-based migratory trajec-
tory similar to birds, as it cannot be contemplated in such small insects. 
A plausible explanation is that outlier migrants have been eliminated 
during the northward journey, which is partially compatible with the 
theory of “contemporary within-season selection” proposed by Drake 
and Reynolds (53). This theory suggests that the contemporary selec-
tion is progressively occurring in long-distance migration that succes-
sively advances the populations migrating northeastward (53). We 
indeed observed accelerated signatures of population subdifferentia-
tion within EA (fig. S13). To test whether long-flying populations have 
been subjected to “contemporary selection,” we tried to compare the 
population reaching Japan, the most northeast site of EA migration, 
with other EA populations from representative sites and tropical popu-
lations from SEA and SA (fig. S18). As expected, we observed evident 
outliers on chromosome 8 when comparing with populations from 
SEA and SA (fig. S18). In addition, we found multiple genomic regions 
to be highly diverged between Japan and other EA populations, further 
supporting the observed ongoing differentiation among them. How-
ever, none of the most diverged regions encode biologically meaning-
ful genes related to presumed traits such as flight, cold tolerance, or 
metabolism. Instead, most of them encode hypothetical proteins, ex-
cept a gene on chromosome X encoding the solute carrier (SLC) fam-
ily protein that is highly diverged with populations of Hainan 
(south China) and Shaanxi (northwest China) (fig. S18C). This diver-
gence also occurred when comparing with an India population of SA 
(fig. S18A). Coupled with its potential role in xenobiotic metabolism, 
the repeated evolution of this gene is possibly subjected to the selection 
of insecticide or host races. Together, our findings support the further 
differentiation along with the long-distance migration in EA, while 
this ongoing isolation is more likely to be driven by genetic drift, which 
is commonly expected in “founder” populations exploiting territories. 
As multigenerational migrants, partial journeys of EA BPHs act as ter-
ritory colonization or lead to the extinction of a subpopulation within 
a single generation. Consequently, the continued “founder effect” and 

range expansion contributed to the accelerated population differentia-
tion within the EA group.

A possible alternative scenario may be that the long-distance mi-
gration in EA BPHs is highly selective in functional constraints for 
other immigrants. The highly diverged regions between EA migrants 
and tropical populations were unexpectedly limited to a single chro-
mosome (chromosome 8). Simultaneously, there were remarkable 
differences in this chromosome between BPH and its closely related 
species, S. furcifera and L. striatellus, in terms of the densities of or-
thologous genes and syntenic blocks (Fig.  5, E and G). We further 
found that the high level of divergence on this chromosome was an-
ciently maintained across the main groups of BPH and further aug-
mented along with the evolution of EA. Multiple lines of evidence 
indicated that this chromosome resembles a gene desert (Fig. 5), en-
riched in genes with unknown functions and/or of low expression 
levels (Fig. 5E and fig. S16). Genes with low levels of expression are 
generally considered less important for phenotypes and are subject to 
selection relaxation (54–56). Thus, variations could escape the purg-
ing effects of selection and accumulate in this chromosome through 
genetic drift. A similar pattern has been observed in X chromosomes 
of aphids and explained by the relaxation of purifying selection on 
X-linked genes (57) despite that chromosome 8 of BPH is not a sexual 
chromosome. The little functional evidence questions whether migra-
tory genes truly exist in windborne migrating insects. Nevertheless, 
we still found that several genes encoding Ras-related proteins were 
included in the highly diverged gene list (data S4). The Ras signaling 
pathway widely involves in hypoxia stress, ultraviolet irradiation, and 
heat response (58–60), which may contribute to the adaptation of 
BPH to adverse environmental conditions during long-distance mi-
gration. We also identified a single genomic region from the unplaced 
scaffold (scaffold001) showing a high level of divergence (data S4). 
The encompassing genes encode myotubularin-related protein 10-B, 
alpha-tocopherol transfer protein, and nucleolar protein 6, respec-
tively, which were suggested associated with muscle weakness, 
infertility, or innate immunity in mammals or nematodes (61–64). 
Whether these genes, independent of the divergence hotspot, confer 
the unique adaptations to long-distance migration in EA deserves 
further verifications.

In summary, our study shows the power of applying genomics 
methodology in dissecting migration in insects, particularly in wind-
borne insects whose migration is challenging to track directly. On the 
basis of the genome-wide variations, the complex population struc-
tures and evolutionary history of global BPHs are resolved at high 
resolution. In addition, gene flow–based assembly of trajectories clar-
ifies the migration patterns of BPH, differentiating round-trip and 
one-way journeys between temperate and tropical populations. The 
insights gained in this study not only advance our understanding of 
windborne migration in insects but also benefit the control and warn-
ing of migratory pests.

MATERIALS AND METHODS
Sampling
BPHs were collected from worldwide distributed regions from 2009 
to 2018. A total of 358 female adult BPHs from 92 geographic loca-
tions were lastly subjected for sequencing according to the geographic 
representativeness, including 122 samples from EA, 139 samples from 
SEA, 91 samples from SA, and 6 samples from AUS (Fig. 1A and data 
S1). We also sampled the closely related species of BPH, N. muiri, 
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from Zhejiang, China as the outgroup to polarize some analyses. Two 
fifth instar nymphs were subjected to sequencing. All the samples 
were maintained in absolute ethanol before DNA extraction.

Sequencing
At least 1.0 μg of genomic DNA per sample was extracted by the SDS 
method. DNA purity and integrity were analyzed by gel electrophore-
sis. Sequencing libraries were constructed by the NEBNext Ultra II 
DNA Library Prep Kit following the manufacturer’s instruction. The 
entire library was prepared by randomly fragmenting genomic DNA 
with Covaris ultrasonic disruptors, followed by end repair, A-tailing, 
add adaptors, purification, and polymerase chain reaction (PCR) am-
plification. All BPH samples were sequenced on the Illumina HiSeq X 
platform, generating paired-end reads of 150 base pair with an aver-
age depth of 10× per sample. Two N.muiri individuals were sequenced 
with an approximate depth of 40×.

Quality control
Raw sequencing data were filtered for low-quality bases and adapters 
using fastp (65). The read pair was discarded if (i) more than 10% of 
bases were ambiguous; (ii) more than 50% of bases were of low qual-
ity (Phred quality score ≤ 5); (iii) aligned to any adapters. As a result, 
approximately 5 T of clean bases (33.7 billion reads) were retained for 
subsequent analyses (data S1).

SNP calling
Clean reads were mapped against the BPH reference genome (31) 
using Burrows-Wheeler Alignment (BWA) Tool (66) v0.7.17-r1188 
with parameters “mem -t 8 -k 32 -M –R”. The alignment results were 
sorted by SAMtools v1.9 (67) and retained in SAM format. Variant 
calling was performed following the best practice of GATK using 
the version 4.1.8.1 (68). Briefly, potential PCR duplicates were first 
removed by the module “MarkDuplicates”, and then the module 
“HaplotypeCaller” was applied to characterize variants for each sam-
ple. After all 360 BPH samples being called with individual variants, 
the module “GenomicsDBImport” was used to combine all individual 
files and the module “GenotypeGVCFs” was used to genotyping all 
samples at each variant locus. To control the error rate in single-
nucleotide polymorphism (SNP) calling due to low-quality mapping 
or low-coverage sequencing, a set of stringent thresholds was applied 
to filter the raw variant sets, including the overall variant quality (50), 
the maximum missing rate across all samples (50%), the minor allele 
frequency (1%), the maximum mean sequencing depth at each locus 
(20×), and the minimum mean sequencing depth (3×).

Genetic relationship across individuals
Bi-allelic SNPs were retained for inferring the phylogenetic relation-
ship across individuals. Low-sequencing coverage might cause un-
derestimation of heterozygous variations. Thus, genotypes of loci 
with sequencing coverage lower than 8× were masked. A total of 
5,684,172 SNP loci with at least 120 nonmasked individuals and mi-
nor allele frequency higher than 0.01 were further retained to infer 
the phylogenomic tree. The genetic distance matrix across all 360 in-
dividuals was calculated on the basis of the average pairwise distance 
as described (5). The distance matrix was provided for MEGA 7 (69) 
to infer the NJ phylogenetic relationship. Bootstrap analysis was per-
formed by randomly selecting loci 5,684,172 times and recalculating 
the matrix 100 times. EIGENSOFT v5.0.2 (70) was also used to per-
form the PCA analysis using default settings. Ancestry analyses were 

performed using sNMF v2.0 (71) and admixture v1.3.0 (72). Ances-
tors (K) were predefined from 2 to 6, and cross-validation analysis 
was conducted to compare the reliability of each K.

Assignment of genetic groups
The BPH individual was assigned to a designated group based on its 
estimated ancestry frequency by sNMF, when K = 6. To do this, the 
ancestry was sorted on the basis of probability from high to low, and 
then each ancestry was assigned to a given individual if the probabil-
ity of this ancestry was estimated higher than 1/6, unless the first an-
cestry had a dominant probability higher than 2/3, or its probability 
was lower than half of the previous ancestry. Individuals assigned 
with more than one kind of ancestry were considered admixed; other-
wise, they were assigned to a main group such as EA, SEA, SA, BGD, 
FJ, or AUS accordingly. On the basis of the ancestry assignment re-
sults of the involved samples, each geographic population was further 
classified into either a main group if no more than one main kinds of 
individuals or an admixed group.

To test the reliability of grouping, f4 statistics were applied using 
qpDstat v900 of AdmixTools (73). In each D statistics (AUS, X; A, B), 
the affinity of a given geographic population X to a pairwise main 
group A and B was tested, when using AUS as the outgroup. Each 
main group was represented by core samples, which were selected 
considering the proportion of dominant ancestry (>80%) and the ge-
netic divergence from Indochina samples in PCA.

Gene flow between populations
The gene flow between each possible pairwise population was in-
ferred on the basis of the iterative three-population test (f3 statistics). 
The test can provide clear evidence of admixture, i.e., a significantly 
negative f3 (X; A, B) implies that X is admixed with populations close 
to A and B. f3 statistics were applied across all possible combinations 
of geographic populations. In the case of the significantly negative f3 
(X; X1, X2) (Z < −3), X was considered admixed with X1 or X2 based 
on the comparison between the count number of significantly nega-
tive f3 (X; X1, Y) and that of f3 (X; X2, Y), in which Y refers to any 
other populations of the same main group besides X, X1/X2. In other 
words, the gene flow from X1 to X was considered when most f3 
(X; X1, Y) has a significantly negative value (Z < −3), unless Y has 
been determined as the donor of X. The genetic differentiation (dXY) 
was calculated using custom scripts between each pair of populations.

Demographic history
The population-level phylogenetic tree was inferred on the basis of 
frequency alleles using TreeMix v1.13 (74) with parameter “-global.” 
The analyses were performed using “core” samples and all involved 
samples, respectively. Dynamic demographic history of each main 
group was inferred by the PSMC model (37). “Core” samples from 
each group were selected as representatives. First, the read alignment 
results were transformed to the diploid consensus sequence using 
SAMtools, bcftools, and vcfutils.pl scripts (75). Then, consensus se-
quences were transformed to fasta format by “fq2psmcfa -q 20”. Con-
sequently, parameters “psmc -N25 -t15 -r5 -p “4+25*2+4+6” were used 
for the PSMC model. The generation time g was set as 1/12 year(s), 
and the mutation rate μ was 8.4 × 10−9 as referred Drosophila (76). 
MSMC v1.1.0 (40) was also applied to infer the demographic history 
using phased genotypes. We transformed the BWA alignment results 
to vcf format using SAMtools mpileup command and then phased 
the data implemented BEAGLE v4.1 (77) with default settings. 
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Linkage disequilibrium was estimated for “core” samples of each 
main group on PopLDdecay (78) by calculating the squared correla-
tion coefficient (r2). The max distances between two SNPs were less 
than 300 kb. Sites with minor allele frequency less than 0.005 and 
missing allele ratio great than 0.25 were filtered. Tajima’s D and nu-
cleotide diversity (π) were calculated along 10-kb sliding windows 
using custom Perl scripts. Cross-population comparison was per-
formed on the basis of a balanced size of sampling, for which sam-
ples were randomly selected from the group with larger sample size. 
Minor allele frequency was measured with plink v1.9 (79) by 
“--freq” command.

Characterization of highly diverged regions and 
selective sweeps
Variants with more than two alleles across samples and individuals 
having first and second degree relation were further removed from 
the analysis (data S5). For population differentiation, Wright’s fixa-
tion index (FST) (80) and allele frequency differentiation (XP-CLR) 
(42) were applied for cross-validation. FST was calculated for each 
locus using VCFtools v0.1.17 (81) and subsequently estimated win-
dow boundaries based on the smoothing spline model using Gen-
Win v0.1 (82). Window-based FST was normalized across the genome 
by transforming to W statistics (82). XP-CLR was calculated for slid-
ing 10-kb windows using a python module (github.com/hardingnj/
xpclr). To characterize the most highly diverged regions between EA 
and other groups, the genomic windows with the highest 1% W-
transformed FST between EA and SEA and between EA and SA were 
considered. To limit the selection in EA, additional reduction of π in 
EA is required.

Selective sweeps were identified by applying several independent 
approaches. Selection signatures of a single population (group) were 
considered for each 10-kb sliding window based on the reduction of 
π. For haplotype-based analyses, we first phased genotypes using 
BEAGLE v25Nov19.28d (77). Recombination rates of each chromo-
some were calculated for each main group using an R package 
FastEPRR2.0 (83). To do this, the value of rho (rho = 4Ne × r, where 
Ne is the effective population size and r is the recombination rate) was 
calculated in 1-Mb genomic windows based on the phased VCF file as 
described above.

Annotations of gene models and pathways were referenced to the 
previous study (31). Expression profiles of genes were determined on 
the basis of available transcriptome data of 55 representative devel-
opmental stages and tissues (84). Pathway enrichment analysis was 
applied using the online platform OmicShare (www.omicshare.com/
tools). Pathway with q value < 0.05 was considered as a significantly 
enriched pathway.

Comparative genomics among three planthopper species
Genome sequence and gene annotations of another two planthopper 
species were generated as described. The longest transcript was re-
tained for each single gene model. BLASTP was conducted for any 
pairs of the three planthopper gene set and reciprocal best BLASTP 
hits were considered as 1 versus 1 ortholog genes between species. 
Three-way ortholog genes were determined across the three species 
by combining the consensus 1 versus 1 orthologs of each pairwise 
comparison. Protein sequences of each three-way ortholog were 
multi-aligned using muscle v3.8.31 (85). Corresponding nucleotide 
sequences were retrieved using a Perl script, pal2nal v14 (86). The 
synonymous (dS) and nonsynonymous (dN) substitution rates were 

calculated using the codeml module of PAML v4.8 (86) under the 
phylogenetic context as described (48).

Supplementary Materials
This PDF file includes:
Figs. S1 to S18
Legends for data S1 to S5

Other Supplementary Material for this manuscript includes the following:
Data S1 to S5
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