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Abstract 

BACKGROUND: 

The diamondback moth (DBM), Plutella xylostella (Lepidoptera: Plutellidae), is a notorious 

pest of cruciferous plants. In temperate areas, annual populations of DBM originate from 

adult migrants. However, the source populations and migration trajectories of immigrants 

remain unclear. Here, we investigated migration trajectories of DBM in China with genome-

wide single nucleotide polymorphisms (SNPs) genotyped using double-digest RAD (ddRAD) 

sequencing. We first analyzed patterns of spatial and temporal genetic structure among 

southern source and northern recipient populations, then inferred migration trajectories 

into northern regions using discriminant analysis of principal components (DAPC), 

assignment tests and spatial kinship patterns. 

RESULTS: 

Temporal genetic differentiation among populations was low, indicating sources of recipient 

populations and migration trajectories are stable. Spatial genetic structure indicated three 

genetic clusters in the southern source populations. Assignment tests linked northern 

populations to the Sichuan cluster, and central-eastern populations to the South and 

Yunnan clusters, indicating that Sichuan populations are sources of northern immigrants 

and South and Yunnan populations are sources of central-eastern populations. First-order 

(full-sib) and second-order (half-sib) kin pairs were always found within populations, but 

about 35-40% of third-order (cousin) pairs were found in different populations. Closely 

related individuals in different populations were in about 35-40% of cases found at 

distances of 900 to 1500 km, while some were separated by over 2000 km. 

CONCLUSION: 

This study unravels seasonal migration patterns in the DBM. We demonstrate how careful 

sampling and population genomic analyses can be combined to help understand cryptic 

migration patterns in insects. 

 

Keywords: Seasonal migration, population genomics, individual assignment, kinship 

analysis 
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1 Introduction 

The diamondback moth (DBM), Plutella xylostella (Lepidoptera: Plutellidae), is a notorious 

pest of cruciferous vegetables and oilseed rape 1-3. The annual cost of control and yield 

losses due to DBM has been estimated at US$4-5 billion worldwide 4. In most regions with 

temperate climates, DBM cannot survive cold winters in the field 5-7. Annual populations of 

DBM in these areas originate from seasonal adult migrations 8-10, which makes DBM a 

challenging pest to control 2. Understanding the migration routes of DBM is essential to 

improve outbreak forecasts and management of this pest 11. For example, when source 

populations are known, pest monitoring and control can be conducted in the source areas 

to reduce moth numbers migrating to temperate areas. 

Previous studies have investigated migration of DBM by using field surveys, radar 

monitoring, light-trapping and laboratory tests 9, 12-14, and genetic approaches 15-18. Field 

studies mainly monitored the dynamic of immigrants 9, 13, 19, while laboratory studies 

investigated the flight ability of the DBM 12, 20. Population genetic studies showed that 

populations of DBM are structured among continents 18 but panmictic within a continent 15-

17, 21. These studies also suggested that migration of DBM occurred within a continent but 

rarely across continents 15, 18. However, many aspects of DBM migration remain unclear, 

particularly in tracing source locations of migratory populations within continents and inter- 

annual variation in migration trajectories 2, 3, 22. 

Migration is a life history strategy that has evolved in a large number of species across 

a diverse array of taxonomic groups as an adaption to a changing environment 23, 24. Many 

animals migrate annually from their breeding areas to new habitats, to escape inclement 

conditions, and to exploit new resources 25-27. The largest group of migratory animals are 

insects, which include both pests and natural enemies 22, 28. Some insects undertake long-

distance seasonal migration with repeated movement between breeding and nonbreeding 

areas, as also found in a range of animals including birds and whales 29. However, many 

other insect species migrate opportunistically or without an overall pattern of cyclicity in 

return movement 30. Migration pathways can also be modified by environmental 

contingencies and natural selection 25, 31. These features of insect migration make it one of 
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the most difficult phenomena to study 25, 32. Additionally, establishing insect migration 

routes can be challenging because insect migration often occurs nocturnally and at high 

altitudes, and because the small size of insects means that they cannot be easily tracked 

using standard observational approaches 14, 33-36. 

Genetic approaches have been used to trace the historical and recent movements of 

species across geographical scales 37-40 and thus provide a powerful and efficient method of 

studying migration trajectories 41-44. These approaches also have challenges. Migration 

pathways can often only be inferred when populations are genetically differentiated, and 

thus can be difficult when gene flow is high 23, 41, 45. Even if genetic differentiation exists 

across broad geographical regions, it may not occur within regions, preventing the 

identification of source and recipient populations at finer scales 22, 41, 46. Also, temporal 

changes in source population genetic structure and hybridization among immigrants after 

their arrival may obscure the relationship between source and recipient populations 23, 44. 

Genetic studies of migration can also be hampered when a limited number of genetic 

markers are used, and when samples are collected at random time points across space 

rather than being timed to coincide with the migration event. We can improve our 

understanding of the migration trajectories of small insects by using population genomic 

approaches that integrate spatially and temporally constrained sampling, by using large 

numbers of genome-wide genetic markers, and by applying methods for analyzing kinship 

and assigning individuals to related groups 37, 47. 

In this study, we use population genomic approaches to uncover the migratory 

trajectory of DBM. To overcome issues associated with high mobility and weak population 

genetic differentiation of DBM within continents 15-17, we (1) used an improved sampling 

strategy by capturing immigrants from recipient populations immediately after their arrival 

for two successive years; (2) employed high resolution, genome-wide single nucleotide 

polymorphism (SNP) markers; and (3) used recently developed analytical methods in 

population genomics to link potential source populations and immigrants of DBM. We 

aimed to trace the source populations of the DBM annually migrating to northern China and 

to test the power of combining strategic sampling and genomic approaches to advance our 

understanding of insect migration. Based on previous population genetic structure studies, 
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we hypothesized that DBMs in southern China are consistently genetically distinguishable, 

and that immigrants entering northern China originated either from one or several of these 

genetically differentiated sources in southern China. 

2 Materials and methods 

2.1 Specimen collection and DNA extraction 

DBM were sampled from potential source population locations in the annual breeding area 

of southern China. DBM were collected from cabbage and oilseed rape fields, and all 

sampling was completed before the first observations of DBM in northern China between 

March and May 13, 48. In order to reduce the likelihood of sampling siblings within 

populations, third- and fourth-instar larvae of DBM were collected from about 20 sites at 

each sampling location, each at least 10 m apart. Putative immigrant male adults were 

collected in northern China by sex pheromone trapping before the presence of first-

generation larvae. Trapping of male DBM was conducted in unplanted fields with no 

greenhouses within 500 m, to reduce the likelihood of trapping individuals overwintering in 

protected conditions. The distance between traps was at least 50 m. The development of 

one generation of DBM takes about 30 days in early spring 2. This strategy therefore 

restricted sampling of genetically related individuals to within three generations between 

source and recipient populations, and reduced the influence of genomic admixture between 

immigrants from different sources. This sampling was conducted in 2017 and again in 2018, 

to examine annual variation in migratory trajectories and temporal variation in population 

genetic structure. In total, samples were collected from 16 locations in 2017 and 17 

locations in 2018, and in 2018 four locations were sampled across multiple months (Fig. 1, 

Table 1). Twenty individuals from each population (specimens collected at different times 

from the same location were considered as different populations) were used for genotyping. 

Genomic DNA for library preparation was extracted from individual specimens using DNeasy 

Blood and Tissue Kit (Qiagen, Germany). 

2.2 SNP genotyping 

The ddRAD libraries were prepared following a published protocol 49 for identifying SNPs. 

Briefly, 120 ng of extracted genomic DNA from each sample was digested by the restriction 
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enzymes NlaIII and AciI (New England Biolabs, USA) 50. The 50 μL digestion reaction was run 

for 3 hours at 37 °C, followed by DNA cleaning using 1.5× volume of AMPure XP beads 

(Beckman Coulter, USA) instead of a heat kill step. Next, we ligated each sample to adapters 

barcoded with a combinatorial index at 16 °C overnight in a 40 μL ligation reaction, labeling 

each population with a 6-bp index and each individual with a unique 9-bp barcode. After 

ligation, we pooled uniquely barcoded samples into multiplexed libraries. Fragments 

between 380-540 bp were selected using BluePippin and a 2% gel cassette (Sage Sciences, 

USA). Finally, the pooled libraries were enriched with 12 amplification cycles on a 

Mastercycler Nexus Thermal Cycler (Eppendorf, Germany). PCR products were cleaned with 

0.8× volume of beads. We used Qubit 3.0 (Life Invitrogen, USA) and Agilent 2100 

Bioanalyzer (Agilent Technology, USA) to check the concentration and size distribution of 

enriched libraries, respectively. Pooled libraries were sequenced on an Illumina HiSeq 2500 

platform to obtain 150-bp paired-end reads, at BerryGenomics Company (Beijing, China). 

The Stacks v2.3 pipeline 51 was used to call SNPs, linking to the DBM genome (GenBank 

assembly accession: GCA_000330985.1) as reference 52. FastQC v 0.11.5 was employed to 

assess read quality and check for adapter contamination 53. Sequence data was 

demultiplexed and trimmed using process_radtags in Stacks v2.3 51, 54. Low quality reads 

with a Phred score below 20 were removed as well as any reads with an uncalled base. 

Reads were trimmed to 140 bp in length. The remaining paired-end reads were aligned to 

the DBM genome 52 using Bowtie v2.3.5 55. 

Output reads for all individuals were imported into Stacks pipeline ref_map.pl to call 

SNPs, requiring a minimum of three identical reads to create a stack. SNPs were called using 

a maximum likelihood statistical model. Finally, we obtained a catalog with all possible loci 

and alleles. The exported loci were present in all populations, and in at least 75% of 

individuals per population. The exported SNPs for populations that were collected in both 

years were further filtered using the R package vcfR 56 and VCFtools v0.1.16 57 with the 

following criteria: SNPs with sequencing depth ≤ 3 and in the highest 0.1% depth were 

removed, as were SNPs with missingness in all samples ≥ 0.05 and those with minimum 

minor allele count ≤ 20. An additional data matrix was generated by retaining only SNPs 

separated by at least 500 bp, to reduce linkage among SNPs. 
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2.3 Genetic diversity, population structure and assignment tests 

Global population differentiation was estimated using Weir and Cockerham’s FST with 99% 

confidence intervals (1000 bootstraps) in diveRsity version 1.9.90. Pairwise FST for all 

population pairs was estimated using GenePop version 4.7.2 58. Discriminant analysis of 

principal components (DAPC) was performed in the R package adegenet v2.1.1 59, with the 

optimal number of clusters determined by the Akaike information criterion (AIC). 

Assignment tests were performed in assignPOP v1.1.7 60. Source groups of ST (south) 

and SW (southwest, this group was divided into YN and SC groups in 2018) (see Table 1 and 

Fig. 1 for locations) were trained using the support vector machine algorithm to build 

predictive models. For training, we used either 25, 28, or 32 random individuals (2017 

samples) or 13, 15 or 17 random individuals (2018 samples) from each group, and loci with 

the highest 60%, 80% or 100% FST values. Monte-Carlo cross-validation was performed by 

resampling each training set combination 1000 times. The ratio of assignment probability 

between the most-likely and second most-likely assigned groups was calculated for each 

individual 61. When an individual showed an assignment ratio smaller than 2 in more than 

30% of the resampling analysis, it was considered unstable and removed in subsequent 

training. This allowed us to remove individuals from source populations that are not similar 

enough to other individuals in that source population, thus leaving a set of source 

populations each comprised of individuals distinctive from those in other populations. 

Immigrants from the CE (central) and NT (north) regions (see Table 1 and Fig. 1 for locations) 

were assigned to the trained groups using the support vector machine algorithm. 

2.4 Kinship analysis 

As a complement to assignment tests (but focusing on the individual level rather than the 

population level), we investigated spatial patterns of kinship within and between 

populations. Related individuals were identified following the method of Jasper, Schmidt, 

Ahmad, Sinkins and Hoffmann 47. First, Loiselle’s K was calculated for all individual pairs 

using SPAGeDi 62 . Kinship coefficients represent the probability that any allele scored in 

both individuals is identical by descent, with theoretical mean K values for each kinship 

category as follows: full‐siblings = 0.25, half-siblings = 0.125, full‐cousins = 0.0625, half‐
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cousins = 0.0313, second-cousins = 0.0156 and unrelated = 0. To allocate pairs of individuals 

to relatedness categories across three orders of kinship, maximum‐likelihood estimation in 

the program ML‐Relate 63 was used to identify first‐order (full‐sibling) and second‐order 

(half‐sibling) pairs. The K scores of pairs within the full‐sibling and half-sibling data sets were 

used to calculate standard deviations for these categories. Using the theoretical means and 

standard deviations of K, we randomly sampled 100,000 simulated K scores from each 

kinship category. In the initial pool of 40755 pairings (2017) and 89676 pairings (2018), ML‐

Relate identified 33 (2017) and 36 (2018) full‐sibling and half‐sibling pairs. Assuming that the 

data contained twice as many first cousin (full and half) pairings as sibling (full and half) 

pairings, and twice as many second cousin pairings as first cousin pairings, final sampling 

distributions were developed as follows: 100,000 unrelated, 320 second-cousins, 80 full‐

cousins, 80 half‐cousins, 40 half‐siblings, 40 full‐siblings (2017) and 100,000 unrelated, 160 

second-cousins, 40 full‐cousins, 40 half‐cousins, 20 half‐siblings, 20 full‐siblings (2018). To 

analyze how closely this distribution approximates the field data, we randomly sampled 

40,000 (2017) and 80,000 (2018) simulated K scores from the above sampling distribution 

and plotted a histogram of this combined distribution and a histogram of the unrelated 

distribution against a histogram of 40,000 (2017) and 80,000 (2018) K scores from the 

empirical data. As the combined distribution matched the empirical distribution much more 

closely than the unrelated distribution, we adopted it for kinship inference and used it to 

determine appropriate kinship coefficient cutoffs for third-order (cousin) relationships, 

following Jasper, Schmidt, Ahmad, Sinkins and Hoffmann 47. 

3 Results 

3.1 Genotyping potential source populations and immigrants 

When populations of both years were analyzed together, we retained 12293 SNPs after 

filtering. When collection years were analyzed separately, we retained 5628 SNPs for the 

286 individuals collected in 2017, and 8750 SNPs for the 424 individuals collected in 2018. 

We filtered these SNPs to retain only SNPs separated by at least 500 bp to reduce the 

effects of linkage among loci on genetic diversity and genetic structure estimates. This left 
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2100 SNPs when both collection years were combined, 1580 SNPs from 2017 alone, and 

2339 SNPs from 2018 alone (Table S1). 

Estimates of genetic diversity parameters were consistent across populations. Allelic 

richness (AR) ranged from 1.32 to 1.41, the percentage of total alleles (%Poly) ranged from 

70.31% to 82.60% and the average nucleotide diversity (Pi) estimated for each population 

ranged from 0.092 to 0.103. All populations deviated from Hardy-Weinberg equilibrium 

(HWE) with an apparent inbreeding coefficient (FIS) ranging from 0.142 to 0.221 (Table 1), as 

is typical for insects analyzed with SNPs 38, 47. 

3.2 Significant differentiation across spatial populations but not among temporal 

populations 

Global differentiation of DBM was low, with Weir and Cockerham’s FST having a value of 

0.0104 (95% confidence intervals, CI: 0.0065 - 0.0142) for populations from both years, 

0.0106 (95% CI: 0.0046 - 0.0179) for populations from 2017, and 0.0095 (95% CI: 0.0046 - 

0.0148) for populations from 2018. The pairwise FST among populations from the two years 

ranged from -0.0033 to 0.0347 with quartiles of 0.0049 (25%) and 0.0150 (75%). Populations 

from southern China (HNHK, GDGZ and GDSZ) showed relatively higher-level genetic 

differentiation from other populations as reflected by higher FST values (Fig. S1). 

Samples collected at different times from the same location in 2018 showed the lowest 

level of differentiation, including those collected from southern areas (FST among GDGA, 

GDGB and GDGC: -0.0033 - 0.0006; among JXNA, JXNB, JXNC: -0.0021 -0.002) and northern 

areas (among BJYA, BJYB, BJYC: -0.0001 - 0.0008; between HBZA and HBZB: 0.0022) in 2018. 

Populations collected in different years from the same area also had relatively low levels of 

differentiation, including populations collected from southern areas (FST between HNHK in 

2017 and 2018: 0.0013; between GDGZ in 2017 and GDGA, GDGB, GDGC in 2018: 0.0015 - 

0.0047; between SCCD in 2017 and 2018: 0.0069; between SCGY in 2017 and 2018: 0.0073; 

between JXNC in 2017 and JXNA, JXNB, JXNC in 2018: 0.0019 - 0.0050) and northern areas 

(between BJYQ in 2017 and BJYA, BJYB, BJYC in 2018: -0.0002 - 0.0013; between HBZJ in 

2017 and HBZA, HBZB in 2018: -0.0007 - 0.0016) (Fig. S1). These values show that there is 
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relatively little genetic change over time at locations in both southern and northern China 

(Fig. S1). 

Mantel tests revealed significant correlation between genetic and geographical 

distances among populations in 2018 (r = 0.335, p = 0.001) and among populations across 

both years (r = 0.294, p = 0.001), but not among populations collected in 2017 (r = 0.163, p = 

0.115). When putative immigrant populations from northern area were excluded from the 

2017 analysis (see below), a significant association between genetic and geographic distance 

was also found for the 2017 samples (r = 0.299, p = 0.013) (Fig. S2). 

3.3 Genetic structure analysis identified major clusters among potential source 

populations 

To examine seasonal migration, we first inferred the population genetic structure of the 

DBM using discriminant analysis of principal components (DAPC) 59, which does not rely on 

the assumption of HWE within populations. When populations from the two years were 

analyzed together, we identified two large genetic clusters: southern populations were 

assigned to one cluster regardless of their collection year, while the other populations were 

assigned to the second cluster (Fig. S3). These results suggest population genetic structure 

of potential source and recipient populations is relatively stable over time. 

For populations collected in 2017, three clusters were identified: the large cluster 1 

was composed of individuals mainly from populations collected from southwestern, central-

eastern (CE) and northern China; the large cluster 2 was composed of individuals mainly 

collected from two southern populations and two populations from CE (JXNC and HBWH); 

and the small cluster 3 was composed of some individuals from a southwestern population 

(Fig. 2a, 2b). A similar population genetic structure was found in 2018 with four clusters 

identified: the southwestern cluster in 2017 was further divided into cluster 1, which was 

composed of individuals mainly from Sichuan and northern populations, and cluster 2, 

which was composed of individuals mainly from Yunnan and CE; cluster 3 was composed of 

individuals mainly from the southwestern area as in 2017, while the small cluster 4 was 

composed of some individuals from a population of the Yunnan group (Fig. 2c, 2d). The 

results indicate that individuals from northern populations overlapped with putative source 

populations. This involved overlap of northern populations mainly with populations from 
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southwestern China in 2017, and with Sichuan in 2018. Central and eastern populations (CE) 

mainly overlapped with those from southwestern China in 2017, and from Yunnan in 2018 

(Fig. 1). These shifting patterns also emphasize that the northern populations are indeed 

composed of migrants. 

3.4 Population connectivity revealed from individual assignment tests 

Having established the genetic structure of the potential source populations, we performed 

assignment tests on individuals from populations of the CE and NT groups, using a machine 

learning method implemented in assignPOP 60. Source groups of ST and SW (divided into YN 

and SC in 2018) were trained using the support vector machine algorithm to build predictive 

models. After cross-validation to remove the individuals that were difficult to assign, 35 and 

92 individuals remained in the ST and SW groups respectively in 2017, and 37, 22 and 19 

individuals remained in the ST, YN and SC groups respectively in 2018. On average, 78.54% 

of CE and 95.62% of NT were assigned to SW in 2017; nearly half of the CE group individuals 

were assigned to YN (49.79%), while 92.81% of the NT individuals were assigned to YN 

(44.71%) and SC (48.10%) in 2018. When individuals with a proportion of the genetic 

constitution of one source > 75% were considered as an effective assignment, 70.21% of 

individuals of CE were assigned to SW, while 93.55% of individuals of NT were assigned to 

SW in 2017. In 2018, 67.86% of individuals of CE and 95.80% of individuals of NT were 

assigned to SW, but it was not possible to assign these further to YN or SC (Table S2, Fig. 3). 

3.5 Trajectories and distance of migration revealed from spatial kinship distributions 

Using ML-Relate 63, 12 full sibling pairs and 21 half-sibling pairs were identified in 2017, 

while 17 full sibling pairs and 19 half-sibling pairs were identified in 2018. All of these were 

found within populations. Full siblings were from the same field. After simulations following 

the method of Jasper, Schmidt, Ahmad, Sinkins and Hoffmann 47, we defined Loiselle’s K = 

0.071 (2017) and K = 0.063 (2018) as cutoffs for describing cousin relationships (Fig. S4). 

Kinship analysis using SPAGeDi 62 showed that 0.18% and 0.11% pairs of individuals were 

related at this level when all pairs of individuals from 2017 and 2018 were considered 

respectively. In 2017, 34 pairs of putative cousins were identified, while in 2018, 54 pairs 

were identified. Of these, 64.71% (2017) and 59.26% (2018) represented cousins from the 
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same population collected in the same location. Other related individuals tended to occur in 

populations from nearby groups (Fig. 4a, 4e). We also examined putatively related pairs of 

individuals that had the top 1% or 10% of K values (Table S3). When the 10% cutoff was 

used, 44.77% of the related individual pairs in 2017 occurred between the ST and CE groups, 

between the SW and CE groups, and between the SW and NT groups. In 2018, 47.25% of the 

related individual pairs occurred between CE and the NT, ST, YN groups, and between NT 

and the YN, SC groups. Considering these in terms of geographical distance, 42.39% (2017) 

and 33.72% (2018) of related individual pairs were found in populations separated by 

distances of 900- 1500 Km; related individuals more than 2400 Km apart comprised 0.29% 

and 0.91% of the related pairs in 2017 and 2018, respectively (Fig. 4b-d, 4f-4h). 

4 Discussion 

4.1 The southwestern populations as the main sources for immigrants of DBM in northern 

China 

Long-distance migration in DBM had already been documented in the 1860s in Europe 64 

and in the 1930s in the U.S. 65, and is a common phenomenon worldwide, including in Asia 

and Australia 13, 15, 66. Early studies reported migration of DBM based on the sudden 

appearance of large numbers of moths in the spring and the capture of specimens over the 

sea far from land 67. Recent studies monitored DBM migration using radar in introduced 

areas and characterized aspects of migratory behavior 9, 13. However, linking immigrants to 

specific source populations by back-tracking methods was not possible, due to widespread 

breeding habitats in subtropical and tropical regions 2. 

We used a population genomic approach incorporating assignments tests and kinship 

inference to unravel migration trajectories of DBM across China. This region covers both 

temperate areas (northern China) where DBM cannot survive the cold winter in the field, 

and tropical and subtropical areas (southern China) where DBM can breed year-round 3. 

Previous studies showed a lack of genetic differentiation among populations across China 

but apparent population genetic differentiation among continents 15, 17, 18, 66. Observations 

on DBM populations suggest DBM most likely migrates within rather than between 

continents 67. We also found that related individuals linked to the southern source 
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populations tended to be separated by geographical distances of 900 to 1500 km rather 

than larger distances. However occasional movement across larger distances was detected. 

The genetic structure of DBM from the same location and area in southern China was 

relatively constant, as reflected by low FST values within populations over time. This suggests 

that there was no large-scale movement of immigrants into southern Chinese populations 

from other regions in the two years of this study. We did find four individuals collected in 

2017 and three individuals collected in 2018, all from southwestern populations, which 

were assigned to unique clusters, which may reflect introductions of DBM from other 

isolated populations. Long distance movement of small invertebrates can occur through 

passive transport, which has been well documented for mosquitos transferred through 

aircraft and thrips transferred through movement of plants 68. Nevertheless, these 

movements appear relatively rare in DBM, unlike for some other insects in southern China 

such as planthoppers breeding on rice, for which there are substantial northward migrations 

from other southeastern countries 69. 

Among the source populations, we found two genetic clusters in 2017 and three 

clusters in 2018. In 2018, the southwestern cluster from 2017 was further divided into 

Sichuan and Yunnan clusters. This different pattern between the years is probably just a 

reflection of sampling density. When we noticed that southwestern populations were linked 

to northern populations in 2017, we increased sampling density around Yunnan in 2018 (Fig. 

1), increasing our ability to separate these clusters. 

The predicted worldwide distribution of DBM based on a validated bioclimatic model 

shows that DBM can persist year-round in all collected regions of our study except for 

northern China 2. Population genetic structure, assignment and kinship analysis indicated 

that immigrants of the DBM in northern China mainly came from southwestern areas, 

specifically around the Sichuan area. We also found that populations collected from central 

and eastern China were a mixture from southern and southwestern (specifically around 

Yunnan province) populations, with the latter as a primary source. Our results suggest that 

populations from southern China are relatively isolated from other populations and provide 

immigrants mainly to central and eastern populations but less frequently to northern China. 

Populations of DBM in south China have the highest levels of pesticide resistance 3, 70, but a 
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high frequency of pesticide application still reduces the density of DBM in this area where 

cabbage is often planted 3. Lower levels of pesticide resistance of DBM from northern China 

compared to south China 3 also support the notion that southern populations are not the 

main source of migrants moving into northern regions. 

Moths experience a greater degree of wind drift than migrating songbirds, allowing for 

long distance movement but at the cost of a comparatively lower spatiotemporal migratory 

precision 71. The abundance of migratory DBM may be associated with winds from storm 

fronts 15. The East Asian subtropical monsoon could facilitate migration of this insect to 

northern China. The Sichuan area, which provided the main sources of immigrants to 

northern China, has large areas of cultivated oilseed, which may allow high numbers of DBM 

to accumulate before migration. The harvest time of oilseed in Sichuan area is coincident 

with the first peak of DBM in northern China from April to May 48. Source populations of 

DBM also need suitable climatic conditions as well as host plants 2, 9, and Shirai 20 found that 

adult DBM developing in cooler seasons are well adapted to migration. This could also favor 

Sichuan as a source area because southern areas have higher temperatures than Sichuan 

prior to the period of northward migration. Nevertheless, studies conducted over a larger 

number of years could help to monitor the annual variation in source populations and 

migration trajectories of DBM as climates and cultivation systems change. 

Migration distances vary in different groups and species. The migration distance of 

moths can exceed over 3000 km 72, while birds can migrate farther than 10000 km 73. DBM 

migration distance estimates have varied considerably across studies, from less than 110 m 

74, to around 300 km 75, and over 1000 km 76. Migration of DBM from southern Europe to 

the UK 9 points to distances of 1500 km which is comparable to the migration distances of 

900 km to 1500 km observed here. The distances we have uncovered may reflect stepping-

stone movement across multiple generations, given that the sampling used in our study 

could have encompassed three generations. Variation in flight distance may result from 

many variables like nutrition, weather conditions and pathogen load 73.  

4.2 Population genomic approaches incorporated with strategic sampling provide efficient 

methods to study animal migration 
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Animal migration usually occurs over broad scales of time and space relative to the size and 

development of the migrant, which makes it challenging to investigate 25. Numerous 

methods from multiple disciplines have been employed to investigate migration 25. By far 

the most widely used approach is to track migrant animals with passive extrinsic markers, 

but this is mainly suitable for large animals rather than for small insects 77. Radar is one of 

the promising tools for monitoring the migration behaviors of small insects and large 

animals 14, 78, 79. To be useful, this method needs large-scale and long-term radar networks 

and improvements in target recognition, especially for small insects 80, 81. 

Genetic approaches have been proposed as efficient methods to trace migrant sources; 

however, applying these in the wild has proved challenging 41, 66. Previous population 

genetic studies investigating migratory trajectories of DBM have used marker sets such as 

mitochondrial genes and microsatellites, but these have not shown much differentiation 

among populations 15. A ddRADseq approach has allowed us to genotype large numbers of 

individuals at thousands of genome-wide SNPs, and this approach can help to distinguish 

weakly differentiated populations of DBM 15, 82. SNP based approaches are starting to 

become widely used in ecological and evolutionary studies and provide novel insights into 

population processes 83, 84. In our study, we found that the vastly increased number of 

genetic markers helped us to identify a weak but clear pattern of genetic differentiation 

among some populations of DBM. We also found a high level of genetic diversity in 

populations, as expected for a migratory species 85.  

Sampling strategy can influence the outcome of population genetic analyses and 

consequent ecological inferences 86. Estimates of population divergence will be influenced 

by the timing of sampling in relation to migration events 45. Unlike earlier work on DBM, we 

used a specific strategy of sample collection to identify migratory trajectories of DBM, 

collecting DBM from the likely source and target populations within a short time. Putative 

immigrants were collected immediately after their arrival. Our sampling strategy probably 

helped to avoid the collection of any hybrids from different sources, and maximized the 

likelihood of collecting genetically related individuals migrating into an area. Development 

of this strategy benefitted from the well-studied biology of DBM and prior knowledge of its 

seasonal migration pattern 1-3. These methods of sampling, genotyping and population 
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genomic analysis could be readily used to uncover migration trajectories and discover 

migration behaviors of the DBM in other regions that suffer outbreaks related to 

immigration, and other small insects more broadly. 

5 Conclusion 

Despite considerable advances in understanding the biology, ecology and genetics of DBM, 

this moth remains the most destructive pest of Brassica vegetable crops globally 1-3. 

Applications of insecticides represent the most common strategy for controlling DBM 7, but 

DBM shows resistance to all pesticides used to control it, including Bacillus thuringiensis 

toxins 87, 88. A lack of knowledge of the source of migrants has hindered the development of 

forecasting systems for DBM management 3. Our results point to source areas for 

monitoring DBM to improve the forecasting in receiving areas and for targeted control 

efforts. Management of DBM in Sichuan areas could potentially reduce the number of 

migrants entering northern China. We found that some individuals from southern areas, 

where level of pesticide resistance are usually high 3, can migrate to northern China. Thus, 

monitoring the proportion of immigrants from southern China and developing genetic 

markers linked to resistance in southern populations may help to inform risk of pesticide 

resistance in northern China. 
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Figures legends 

Fig. 1 Map of the collection sites of Plutella xylostella (red points) and inferred trajectories 

of migration in 2017 (a) and 2018 (b) based on assignment analysis of DAPC. The last 

number in the population code from 1-8 indicates January to August, respectively; 

population codes are described in Table 1. Ellipses represent different groups. The putative 

migration routes are represented by arrows. Arrow width represents the proportion of 

clusters from possible source population groups to recipient population groups estimated 

from the DAPC analysis (Fig. 2b and d). 

 

Fig. 2 Analysis of population genetic structure of DBM using DAPC in 2017 (a, b) and 2018 (c, 

d). Figures a and c show scatter plots of DAPC analysis at the population level. Individuals 

from the same population are indicated by the same color. Figures b and d show the 

individual assignment table with one population per line. AIC values were plotted by the 

number of clusters in the bottom left panel of figures a and c. Populations collected in 2017 

and 2018 were divided into four and five groups: ST, southern group; CE, central and 

eastern group; SW, southwestern group; YN, Yunnan group; SC, Sichuan group; NT, northern 

group. 

 

Fig. 3 Membership probability of central and eastern (CE) and northern (NT) groups in 2017 

(a) and 2018 (b). Assignment proportions of individuals were estimated in the R package 

assignPOP. Each individual was assigned to source groups ST and SW (2017) or ST, YN and 

SC (2018). Individuals in the CE group were from ST and SW (SC+YN in 2017), while 

individuals in the NT group were mainly from SW (SC+YN in 2018) group. 

 

Fig. 4. Cousin networks superimposed on geographic coordinates of samples (a, e) and 

pairwise kinship values between related individuals plotted against geographical distances 

separating them (b-d, f-h). Results for populations of 2017 (a-d) and 2018 (e-h) are 

presented. Violin plots represent cousins identified by SPAGeDi analysis (b, f), the top 1% of 

Loiselle’s K values (c, g) or the top 10% of Loiselle’s K values (d, h) reflecting related 

individuals distributed across distance (km). In figures a and e, red lines indicate cousins 
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identified between southwestern (SW) group in 2017 or Yunnan (YN) group in 2018 and 

other group; blue lines indicate cousins between southern (ST) group and other groups; 

green lines indicate Sichuan (SC) group in 2018 and other groups; yellow lines indicate 

cousins within groups or between central (CE) and north (NT) groups. In figures b-d, f-h, 

population pairs were indicated for those with the largest geographic distance. 
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Table 1 Sampling information and population genetic diversity of Plutella xylostella. There 
was no private allele in any of the populations. All populations deviated from HWE with p < 
0.001. AR, allelic richness. %P, percentage of total alleles observed per locus per population. 
Pi, average nucleotide diversity. Ho, average observed heterozygosity per locus. He, average 
expected heterozygosity per locus. FIS, inbreeding coefficient. CI, confidence interval. The 
first two letters in the population code indicate the province while the last two letters 
indicate the city of collection site. 

Year Group Code Collection location Date AR %P Pi Ho He FIS (95% CI) 

2017 ST HNHK Hannan Province, Haikou Mar. 28 1.39 81.40 0.097 0.070 0.089 0.208 (0.179-0.230) 

 GDGZ Guangdong Province, Guangzhou Mar. 30 1.40 82.19 0.103 0.075 0.092 0.185 (0.163-0.203) 

CE HNCS Hunan Province, Changsha Mar. 30 1.37 77.98 0.096 0.068 0.087 0.221 (0.178-0.256) 

 JXNC Jiangxi Province, Nanchang Apr. 24 1.40 82.17 0.100 0.072 0.091 0.204 (0.173-0.228) 

 HBXG Hubei Province, Xiaogan May 10 1.38 78.12 0.096 0.070 0.086 0.175 (0.135-0.207) 

 HBWH Hubei Province, Wuhan May 10 1.40 81.00 0.099 0.072 0.090 0.192 (0.156-0.218) 

 AHHF Anhui Province, Hefei May 02 1.38 78.90 0.097 0.072 0.089 0.185 (0.160-0.206) 

SW YNKM Yunnan Province, Kunming Jun. 04 1.39 79.57 0.100 0.070 0.090 0.212 (0.176-0.238) 

 SCLS Sichuan Province, Liangshan May 12 1.35 74.62 0.096 0.070 0.085 0.165 (0.110-0.202) 

 CQCQ Chongqing City May 01 1.38 78.26 0.098 0.069 0.089 0.215 (0.178-0.241) 

 SCYA Sichuan Province, Yaan May 07 1.40 81.07 0.098 0.072 0.089 0.201 (0.171-0.223) 

 SCNC Sichuan Province, Nanchong May 09 1.37 78.24 0.094 0.067 0.083 0.195 (0.153-0.226) 

 SCCD Sichuan Province, Chengdu Apr. 14 1.37 78.88 0.096 0.070 0.086 0.187 (0.154-0.211) 

 SCGY Sichuan Province, Guangyuan May 09 1.37 77.90 0.095 0.069 0.086 0.202 (0.169-0.225) 

NT BJYQ Beijing City, Yanqing May 05 1.39 81.07 0.096 0.071 0.086 0.178 (0.148-0.202) 

 HBZJ Hebei Province, Zhangjiakou May 21 1.37 75.62 0.099 0.073 0.088 0.164 (0.110-0.198) 

2018 ST HNHK Hannan Province, Haikou Mar. 06 1.34 72.57 0.094 0.067 0.083 0.181 (0.104-0.229) 

 GDSZ Guangdong Province, Guangzhou Apr. 21 1.39 79.62 0.099 0.076 0.088 0.152 (0.113-0.184) 

 GDGA Guangdong Province, Guangzhou Jan. 08 1.39 80.36 0.100 0.072 0.089 0.199 (0.166-0.227) 

 GDGB Guangdong Province, Guangzhou Feb. 27 1.38 77.43 0.100 0.074 0.089 0.178 (0.126-0.216) 

 GDGC Guangdong Province, Guangzhou Apr. 03 1.39 78.40 0.098 0.071 0.088 0.187 (0.144-0.216) 

YN GXNN Guangxi Province, Nanning Mar. 29 1.37 77.79 0.096 0.071 0.085 0.188 (0.146-0.220) 

 YNYX Yunnan Province, Yuxi Mar. 19 1.37 77.19 0.095 0.068 0.084 0.202 (0.148-0.241) 

 YNDH Yunnan Province, Dehong Apr. 10 1.32 70.31 0.092 0.070 0.082 0.142 (0.064-0.190) 

 YNKM Yunnan Province, Kunming Apr. 13 1.37 77.45 0.094 0.070 0.083 0.169 (0.127-0.196) 

 SCPZ Sichuan Province, Panzhihua Mar. 21 1.39 80.88 0.099 0.072 0.089 0.189 (0.151-0.221) 

CE FJFZ Fujian Province, Fuzhou Mar. 29 1.39 80.26 0.097 0.073 0.089 0.179 (0.141-0.208) 

 HNCS Hunan Province, Changsha Apr. 11 1.40 81.60 0.100 0.073 0.090 0.180 (0.149-0.203) 

 JXNA Jiangxi Province, Nanchang Mar. 27 1.40 81.90 0.098 0.071 0.089 0.192 (0.161-0.220) 

 JXNB Jiangxi Province, Nanchang Apr. 15 1.40 82.12 0.099 0.071 0.091 0.205 (0.177-0.226) 

 JXNC Jiangxi Province, Nanchang May 23 1.39 80.86 0.099 0.071 0.088 0.193 (0.161-0.218) 

 ZJNB Zhejiang Province, Ningbo Apr. 25 1.37 75.86 0.099 0.072 0.087 0.187 (0.135-0.221) 

SC SCCD Sichuan Province, Chengdu Apr. 15 1.38 78.14 0.096 0.070 0.087 0.191 (0.149-0.221) 

 SCGY Sichuan Province, Guangyuan Apr. 15 1.38 79.74 0.096 0.069 0.087 0.197 (0.165-0.222) 

NT NMAL Neimenggu Province, Alashan May 18 1.39 81.90 0.096 0.068 0.087 0.214 (0.180-0.243) 

 BJYA Beijing City, Yanqing Apr. 25 1.39 81.38 0.095 0.070 0.087 0.187 (0.155-0.212) 

 BJYB Beijing City, Yanqing May 02 1.41 82.60 0.097 0.073 0.088 0.169 (0.139-0.191) 

 BJYC Beijing City, Yanqing May 10 1.40 81.81 0.098 0.072 0.088 0.180 (0.149-0.204) 

 HBZA Hebei Province, Zhangjiakou Apr. 26 1.40 82.55 0.097 0.071 0.089 0.194 (0.166-0.216) 

 HBZB Hebei Province, Zhangjiakou Aug. 02 1.38 80.90 0.094 0.068 0.085 0.203 (0.169-0.229) 
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Supplemental materials 

Table S1 Summary statistics on the SNPs identified in populations of Plutella xylostella after 

filtering. 

Table S2 Percentage assignment of individuals from the CE and NT groups to source groups. 

Table S3 Percentage of related individuals among population groups estimated by SPAGEDI 

based on 1% and 10% of the most closely related individual pairs. 

Fig. S1 Heat map of FSTs among populations, the distribution of FSTs and their averages for 

population pairs between and within groups. 

Fig. S2 Scatter plots between pairwise genetic differentiation (FST/(1-FST)) and geographical 

distances (ln km) among populations.  

Fig. S3 Analysis of population genetic structure of DBM using DAPC across samples from the 

2 years. 

Fig. S4 Distributions of simulated kinship values based on SPAGeDi using R. 

 



 

Fig. 1 Map of the collection sites of Plutella xylostella (red points) and inferred trajectories 

of migration in 2017 (a) and 2018 (b) based on assignment analysis of DAPC. The last 

number in the population code from 1-8 indicates January to August, respectively; 

population codes are described in Table 1. Ellipses represent different groups. The putative 

migration routes are represented by arrows. Arrow width represents the proportion of 

clusters from possible source population groups to recipient population groups estimated 

from the DAPC analysis (Fig. 2b and d). 

  



 

Fig. 2 Analysis of population genetic structure of DBM using DAPC in 2017 (a, b) and 2018 (c, 

d). Figures a and c show scatter plots of DAPC analysis at the population level. Individuals 

from the same population are indicated by the same color. Figures b and d show the 

individual assignment table with one population per line. AIC values were plotted by the 

number of clusters in the bottom left panel of figures a and c. Populations collected in 2017 

and 2018 were divided into four and five groups: ST, southern group; CE, central and 

eastern group; SW, southwestern group; YN, Yunnan group; SC, Sichuan group; NT, northern 

group. 

  



Fig. 3 Membership probability of central and eastern (CE) and northern (NT) groups in 2017 

(a) and 2018 (b). Assignment proportions of individuals were estimated in the R package 

assignPOP. Each individual was assigned to source groups ST and SW (2017) or ST, YN and 

SC (2018). Individuals in the CE group were from ST and SW (SC+YN in 2017), while 

individuals in the NT group were mainly from SW (SC+YN in 2018) group. 

  



 

Fig. 4. Cousin networks superimposed on geographic coordinates of samples (a, e) and 

pairwise kinship values between related individuals plotted against geographical distances 

separating them (b-d, f-h). Results for populations of 2017 (a-d) and 2018 (e-h) are 

presented. Violin plots represent cousins identified by SPAGeDi analysis (b, f), the top 1% of 

Loiselle’s K values (c, g) or the top 10% of Loiselle’s K values (d, h) reflecting related 

individuals distributed across distance (km). In figures a and e, red lines indicate cousins 

identified between southwestern (SW) group in 2017 or Yunnan (YN) group in 2018 and 

other group; blue lines indicate cousins between southern (ST) group and other groups; 

green lines indicate Sichuan (SC) group in 2018 and other groups; yellow lines indicate 

cousins within groups or between central (CE) and north (NT) groups. In figures b-d, f-h, 

population pairs were indicated for those with the largest geographic distance. 
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Insects encompass the largest number of migratory animals, but their small body size 
impedes our understanding of insect migration in the wild, piticularly the source 
populations of immigrants and distance of movement. This study unraveled migration 
trajectories of a pest insect, the diamondback moth, by deciphering connectivity 
among potential source and recipient populations from genomic variations. 
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