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Abstract 

Background Locust migration is one of the main causes of locust plagues. While existing research has highlighted 
the adaptive migratory capabilities of locusts, the evolutionary patterns of their migration remain elusive. This study 
aims to explore these evolutionary patterns of locust migratory behavior at the genomic level. To achieve this, 
we conducted comparative genomics analysis using genomic data from 10 locust species with diverse migratory 
tendencies.

Results We identified 1064 genes showing signatures of positive selection in five migratory locust species using 
a dN/dS model. The BUSTED-PH model revealed 116 genes associated with migratory phenotypes. Gene ontology 
enrichment analysis indicated that these genes were predominantly related to metabolism and mitochondria-related 
pathways through both methods. Additionally, the evolutionary rate (RER) analysis between migratory and non-
migratory locusts revealed significant divergence in energy metabolism pathways. Notably, of the genes analyzed, 
the SETX gene consistently showed evidence of positive selection across all five migratory species.

Conclusions The findings suggest that the evolution of migratory behavior is associated with increased selective 
pressure on metabolism and mitochondria-related pathways. Hundreds of genes undergo selective changes dur-
ing repetitive transitions to migratory behavior. These findings enhance our understanding of the genetic and phe-
notypic relationships underlying different locust migratory behaviors, providing important data for understanding 
the biological mechanisms behind locust outbreaks.
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Background
Grasshoppers, being predominant herbivores, have 
diversified and adapted to various habitats, including 
grasslands, deserts, semi-aquatic zones, alpine regions, 
and tropical forests, demonstrating a broad spectrum 
of morphological, ecological, and behavioral variations 
[1]. They play a crucial role in grassland ecosystems by 
influencing nutrient cycling [2]. According to a bio-
geographical analysis, grasshoppers originated in South 
America. Throughout the diversification of the Acrididae 
family, there have been numerous instances of coloni-
zation and recolonization between the New World and 
the Old World [2–4]. The subfamily Cyrtacanthacridi-
nae, Gomphocerinae, Melanoplinae, and Oedipodinae 
exhibit a widespread distribution across the globe [5]. 
The grasshopper family Acrididae includes over six thou-
sand species distributed globally [1, 4, 6], there are sig-
nificant differences in the migratory abilities of different 
grasshopper species. Some species are flightless or non-
migratory, while others are migratory. Migratory species 
such as Schistocerca gregaria, Schistocerca cancellata [7], 
Schistocerca piceifrons [8], Locusta migratoria [9], Cal-
liptamus italicus [10], and Gomphocerus sibiricus [11], 
can form swarms and migrate over thousands of kilom-
eters, causing extensive damage to plants and crops along 
their migratory route. Non-migratory species, such as 
Stenobothrus lineatus [12], Aidemona azteca, Xenocat-
antops brachycerus (catantopinae), Schistocerca nitens 
and Schistocerca americana [13, 14], move within their 
native habitat and disperse to adjacent suitable locations 
through walking or jumping. The Stenacris vitreipennis 
species and the genus Conophyma zubovsky are flight-
less [15], characterized by either being wingless or having 
short wings.

Locusts are a special type of grasshopper (Orthoptera: 
Acrididae) [1]. Approximately 20 species recognized 
as true locusts [16]. The definition of locust is based on 
two principal criteria: (1) they form dense groups and 
migrate, and (2) they exhibit polymorphism, with indi-
viduals in solitary conditions differing in many character-
istics from those in groups [16–18]. The L. migratoria, S. 
gregaria, S. piceifrons, S. cancellate, Nomadacris septem-
fasciata, Locustana pardalina, C. italicus [19] are called 
locusts due to their striking changes in color, behav-
ior, morphology, biochemistry, and life history traits in 
response to change in local population density.

The genus Schistocerca (Orthoptera: Acrididae: Cyrta-
canthacridinae) includes 50 species. The majority of 
Schistocerca species do not swarm, only the desert locust 
(S. gregaria), the Central American locust (S. piceifrons), 
and the South American locust (S. cancellata) are consid-
ered to be locusts [19]. Only the S. gregaria is found in 
the Old World and is the earliest diverging lineage within 

the genus Schistocerca, whereas all the remaining spe-
cies are distributed in the New World [1, 20]. Through 
ancestral character reconstruction of reaction norms, 
S. gregaria, S. piceifrons, and S. cancellate did not form 
a monophyletic group [20], suggesting that swarming 
locusts have evolved multiple times within Schistocerca. 
In the ancestral Schistocerca genus, the migratory behav-
ioral plasticity of the locusts within the genus has been 
lost and regained at least twice [1, 20].

Locusts, as a subset of grasshoppers (Orthoptera: 
Acrididae), have earned a notorious reputation due to 
their capacity to cause extensive damage to vegetation 
during their migratory phases [21]. Many studies have 
been performed to explore control methods for locust 
plagues based on the flight characteristics and swarms in 
migratory locusts. Recent research has shown that locust 
aggregation is influenced by the pheromone 4-vinylani-
sole (4VA), which is secreted when the locust density 
reaches four individuals per (10 cm × 10 cm × 10 cm) vol-
ume, promoting further aggregation [22, 23]. Compared 
with other locust species, the gregarious locust L. migra-
toria has higher levels of hyperlipidemia and lipid stor-
age. Additionally, metabolome—transcriptome analysis 
has revealed that reactive oxygen species (ROS) genera-
tion is related to the flight muscle’s catabolic capacity in 
locusts. Solitary locusts have a higher catabolic capac-
ity and produce more ROS during high-velocity flights, 
while gregarious locusts have a lower catabolic capac-
ity and generate less ROS during long—distance flights 
[21]. In the Tibetan Plateau, migratory locusts adapt to 
the high-altitude hypoxic environment by reducing their 
body size and with the help of the gene PTPN1, which 
participates in carbon and energy metabolism [24].

Research on the evolutionary relationships of migra-
tory locusts has revealed that migratory locusts are dis-
tributed among different species [1, 4, 25]. For example, 
L. migratoria belongs to the subfamily Oedipodinae [25], 
whereas desert locusts (S. gregaria [25], S. cancellate and 
S. piceifron) belong to the subfamily Cyrtacanthacridinae 
[1, 26]. Convergent evolution refers to the phenomenon 
in which different species independently evolve similar 
traits [27, 28]. The independent multiple evolutions of 
migratory traits within the Schistocerca genus imply the 
convergent evolution of migratory traits in the Acrididae 
family. However, the genetic basis and molecular mecha-
nisms underlying migratory traits in locusts are not well 
understood.

With advancements in genomic technologies, the 
genomes of various locust lineages have been sequenced. 
This enables the identification of key regulatory genes 
related to locust migration traits by means of selection 
pressure analysis and evolutionary rate assessment. This 
research aims to explore the genetic basis of migratory 
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behavior more comprehensively, providing a deeper 
understanding of this complex evolutionary trait and 
its implications for pest management and ecological 
dynamics.

Methods
Data collection
The migratory capabilities of locusts were sourced from 
encyclopedias and published research. The species infor-
mation is presented in Table 1, which includes 5 migra-
tory locusts and 5 non-migratory locusts. The migratory 
species are C. italicus, L. migratoria, S. cancellata, S. gre-
garia and S. piceifrons, while the non-migratory species 
are A. azteca, S. americana, S. nitens, S. lineatus and X. 
brachycerus. There are literary records regarding their 
migratory abilities. The C. italicus locust has two forms: 
hopper bands and swarms. Both are capable of migration 
and can cover varying distances. Hopper bands typically 
move up to several hundred meters, while swarms can 
travel distances up to 100—200 km [29–32]. Regarding L. 
migratoria, the literature documents that it can fly con-
tinuously for about 12 h and spread across 60 countries 
[33, 34]. For S. cancellate, the literature records that it 
can travel several hundred kilometers each day and con-
sume a large amount of vegetation [7]. For S. gregaria and 
S.piceifrons multiple literary sources record that they are 
capable of migrating over long distances [8, 9, 35]. For 
non-migratory locusts, the nymphs of A. azteca have 
underdeveloped wings, while adults are fully winged and 
are excellent jumpers [36]. S. americana can fly, but it sel-
dom forms swarms [14, 37]. S. nitens is usually solitary 
and non-migratory [38]. S. lineatus is a non-migratory 
species, wing monomorphic grasshopper [12]. In terms 
of behavior and physiological structure, X. brachycerus 
can fly but do not possess migratory capabilities [39, 40]. 
The species with sequencing data were chosen based on 

their migratory traits. In addition, Gryllus bimaculatus 
was used as an outgroup. When selecting genetic data of 
species for subsequent analysis, considering all species 
analyzed in the study, the order of data utilization prior-
ity is as follows: 1) complete genome assembly, 2) tran-
scriptome assembly (transcriptome shotgun assembly, 
TSA), 3) transcriptome sequencing.

Data preprocessing
Six species with genome assemblies, four species with 
transcriptome shotgun assemblies, and one species with 
transcriptome sequencing data remained. For the tran-
scriptome sequencing data, FASTP v0.23.2 [43] was used 
to trim the low-quality reads, and subsequently, Trinity 
v2.15.1 [44] with default parameters was used to assem-
ble the transcripts. For all the transcript assemblies, 
BUSCO v.5.3.2 [45, 46] was used to evaluate the quality 
and completeness of assembled transcriptomes. CD-
HIT v4.6.8 [47, 48] with a similarity threshold of 0.9 was 
applied to remove the redundant transcripts for each spe-
cies. The N50 software (https:// github. com/ fg6/ n50) was 
employed to assess the N50 values of the transcriptomes. 
Open reading frame (ORF) identification was performed 
by using TransDecoder v5.7.1, Hmmscan v3.5, and 
BLASTX was utilized to predict the protein sequences.

Homologous gene identification
Proteinortho v6 was employed for the identification 
of homologous genes. Gene pairs with blast P val-
ues less than 1e-10 and minimum coverage exceeding 
70% were identified as homologous genes [49]. Sub-
sequently, homologous genes present in at least seven 
species were selected for further investigation. PRANK 
[50] with default parameters was utilized for sequence 
alignment. After alignment, PAL2NAL v14 was used to 

Table 1 Genetic Information of Locusts in Different Migratory States

Species name Abbreviation Subfamily Accession number Migrate References

Aidemona azteca A. azteca Melanoplinae GIGD01 N  [36]

Calliptamus italicus C. italicus Calliptaminae SRR6113310; SRR6113309 Y  [10]

Locusta migratoria L. migratoria Oedipodinae GCA_026315105.1 Y  [33, 41]

Schistocerca americana S. americana Cyrtacanthacridinae GIOT01 N  [14]

Schistocerca cancellata S. cancellata Cyrtacanthacridinae GCA_023864275.2 Y  [7]

Schistocerca gregaria S. gregaria Cyrtacanthacridinae GCA_023897955.2 Y  [9]

Schistocerca nitens S. nitens Cyrtacanthacridinae GCA_023898315.2 N  [38]

Schistocerca piceifrons S. piceifrons Cyrtacanthacridinae GCA_021461385.2 Y  [8]

Stenobothrus lineatus S. lineatus Gomphocerinae GAUZ02 N  [12]

Xenocatantops brachycerus X. brachycerus Catantopinae OFSG01 N  [40]

Gryllus bimaculatus G. bimaculatus Gryllinae GCA_017312745.1 –  [42]

https://github.com/fg6/n50
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convert the protein alignments into codon alignments 
based on the corresponding nucleotide sequences [51].

Phylogenetic analyses and divergence time estimation
To reconstruct the evolutionary relationships among 
locusts, a total of 7861 coding sequences  (CDS) of 
all species were concatenated using catfasta2phyml 
v.1.2.0. Subsequently, TrimAI v1.5.0 was employed to 
trim the sequence with a coverage lower than 70%. The 
maximum-likelihood (ML) phylogenetic tree was con-
structed with IQ-TREE v 2.2.2.6 [50, 52], and the sup-
port rate for the nodes was estimated based on 1500 
ultrafast bootstrap replicates. To estimate the diver-
gence time of locusts, we assumed that the phyloge-
netic tree obtained by IQ-TREE represented the true 
evolutionary relationship, and the MCMCTREE pro-
gram of PAML v 4.10.7 [53] was utilized to assess the 
divergence time. The priori divergence times of C. itali-
cus, G. bimaculatus and X. brachycerus were retrieved 
from the Timetree [54] database.

Positive selection analyses associated with migratory 
evolution
Environmental changes play a crucial role in animal trait 
changes. In the evolution of locust migration traits, selec-
tion pressure impacts reproduction, theoretically, related 
genes should have a high evolutionary rate. Therefore, we 
attempt to identify migration-related genes by search-
ing for positive selection in protein-coding sequences. 
Firstly, we generated 5 CDS datasets based on five migra-
tory locust species. Each of the datasets comprised only 
one migratory locust and five non-migratory locusts. For 
each dataset, we initially concatenated all the sequences 
using catfasta2phyml. Subsequently, we constructed a 
phylogenetic tree with IQ-TREE software. Then, we cal-
culated the nonsynonymous (dN) to synonymous substi-
tutions (dS) per site (dN/dS) values for each gene through 
the Codeml program of PAML package [55]. During this 
process, we designated the same five non-migratory spe-
cies as the foreground branches instead of the migratory 
ones. Furthermore, to enhance the robustness of our 
results, we employed the branch-site unrestricted statis-
tical test of episodic diversification and association with 
phenotype (BUSTED-PH) model, which integrates four 
models and hypotheses to investigate the correlation 
between selection pressure and the phenotypic mani-
festations associated with of coding sequences, HyPhy 
[56] was utilized to perform the above analysis and the 
specific detection steps are detailed at (https:// github. 
com/ veg/ hyphy- analy ses/ tree/ master/ BUSTED- PH). 
During the detection process, we utilized the same five 

datasets, and migratory locusts were labeled as fore-
ground branches in the phylogenetic tree.

Analysis of relative evolutionary rates associated 
with migration
The evolutionary rates of homologous proteins across 
different species can be quantified using the synony-
mous substitution rate and the nonsynonymous substi-
tution rate [57], and the relative evolutionary rate can 
be used to explore the relationship between genes and 
convergent traits. In this study, we used the relative 
evolutionary rate (RER) [58] model of Hyphy software 
to investigate the relationship between migratory traits 
and genes in locusts. The specific detection method 
can be found at (https:// github. com/ veg/ hyphy- analy 
ses/ tree/ master/ RER). Generally, this model requires 
an aligned protein sequence, an evolutionary tree, 
and a list of species with convergent traits designated 
as foreground branches. The evolutionary tree used 
in this analysis is constructed based on concatenated 
gene sequences. To ensure consistency between the 
evolutionary tree and the input protein sequence, we 
trimmed the evolutionary tree using NWKIT’s [59] 
intersection function to make sure that the species in 
the protein sequence correspond with those in the evo-
lutionary tree.

Gene ontology (GO) term enrichment analysis
For each homologous gene, the longest homologous 
protein was extracted. Subsequently, the sequence was 
uploaded to the eggNOG-mapper database [60, 61] for 
gene function annotation. Then, gene function enrich-
ment analysis was performed via the clusterProfiler 
software package in R [62].

Results
Locust transcriptome assembly
In this study, no available TSA data for C. italicus could 
be found. Hence, public transcriptome sequences were 
utilized to assemble the transcripts. After assembly 
process, the total length of the contigs amounted to 
783,485,549  bp, comprising a total of 1,292,693 con-
tigs. The maximum and minimum contig lengths were 
63,669 bp and 266 bp respectively. The N50 value was 
777 bp, and the GC content was 40.93%. The transcrip-
tome assembly of four other species were also evalu-
ated (Table 2). Among them, X. brachycerus presented 
the highest transcriptome assembly quality, with an 
N50 value of 1799 bp. The BUSCO evaluation indicated 
that C. italicus had the highest transcriptome assembly 
completeness, reaching up to 97.6%, while the com-
pleteness of the other four species exceeded 71%. Using 

https://github.com/veg/hyphy-analyses/tree/master/BUSTED-PH
https://github.com/veg/hyphy-analyses/tree/master/BUSTED-PH
https://github.com/veg/hyphy-analyses/tree/master/RER
https://github.com/veg/hyphy-analyses/tree/master/RER
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Proteinortho, a total of 35,312 homologous genes were 
identified. Among these genes, 7861 homologous genes 
were covered by at least 7 species. Of these, 6,874 genes 
were successfully annotated to known genes (Addi-
tional file S1).

Phylogenomics
Based on 7861 homologous genes, the phylogenetic 
relationships of 10 grasshopper species were con-
structed using IQ-TREE, which strongly supported all 
nodes (bootstrap values ≥ 98). Among the phylogenetic 
trees, A. azteca (subfamily of Melanoplinae) was the 
most distant species from the other nine grasshoppers. 
The species S. americana, S. cancellata, S.gregaria, and 
S. nitens were clustered into the Cyrtacanthacridinae 
subfamily clade, having a close phylogenetic relation-
ship with the X. brachycerus of the Catantopinae sub-
family. Within this branch, there were three species of 
locusts with the ability to migrate. The remaining grass-
hoppers, representing three different genera, were clus-
tered on a single large branch, namely, C. italicus (the 
Calliptaminae subfamily), S. lineatus (the Gompho-
cerinae subfamily) and L. migratoria (the Oedipodinae 
subfamily). Within this branch, two locust species were 
capable of migration (Fig. 1).

To estimate the divergence time for each node, the fol-
lowing divergence times were obtained from Timetree: 
between G. bimaculatus and other locusts, it was 241.3–
339.4 million years ago (MYA); between X. brachycerus 
to the rest locusts, was 62.0–66.9 MYA. Then, MCMC-
TREE was used to infer the divergence time of all species. 
The results indicated that the divergence time between 
G. bimaculatus and grasshoppers was approximately 347 
MYA. Subsequently, A.zteca began to differentiate as a 
new species about 282 million years ago, between 66 and 
20 million years ago, the remaining locusts began to rap-
idly diverge (Fig. 1).

Genome‑wide patterns of accelerated molecular evolution 
converge in migratory locusts
In this study, we designated migratory locusts as fore-
ground branches and non-migratory locusts as back-
ground branches with the aim of calculating the dN/dS 

values of all genes in different migratory locusts. The 
significance of the dN/dS values between background 
and foreground branches was subsequently evaluated 
through the chi-square test, and genes whose dN/dS 
values for migratory locusts were greater than two and 
whose P values were less than 0.05 were selected as can-
didate positive selection genes. Out of the 6874 homol-
ogous genes, we identified a total of 1064 genes that 
had undergone positive selection in at least on lineage. 
Notably, when considering the species L. migratoria, S. 
piceifrons, S. cancellate, S. gregaria, and C. italicus, the 
number of genes under positive selection were 325, 233, 
229, 213, and 211, respectively (Fig. 2). Among these spe-
cies, L. migratoria and C. italicus were found to share 
29 positively selected genes. In addition, three migra-
tory Schistocerca genus species were observed to share 
a total of 6 genes. Of these 6 genes, five were annotated 
as Aubergine (AUB), UDP-glucuronosyltransferase gene 
(UDPGT), Histidine phosphatase superfamily (branch 
2) (HIS_PHOS_2), Small nuclear ribonucleoprotein U5 
subunit 200 (SNRNNP200) and Senataxin (SETX). Spe-
cific genes play a crucial role in the regulation of diverse 
biological processes and molecular functions, such as 
gene expression, cellular development, protein function, 
and morphogenesis. The regulation of these processes 
and functions is crucial for the normal development 
and maintenance of physiological functions in organ-
isms (Table 3). The actin beta (ACTB) gene was detected 
in four migratory species. Moreover, the SETX gene was 
found to be shared among the five migratory locust spe-
cies (Additional file S2).

To explore the functional trends of positively selected 
genes in locusts, we performed gene function enrich-
ment analysis. For the 1064 positively selected genes (P 
values < 0.05) where migratory locusts were set as the 
foreground branch and non-migratory locusts as the 
background branch, 133 GO terms were annotated (P 
values < 0.05) (Additional file S3), In the 20 most signifi-
cant GO terms, 18 were directly related to the metabolic 
function (Fig. 3A). For the 1889 positively selected genes 
(P values < 0.05) where non-migratory locusts were set 
as the foreground branch and migratory locusts as the 
background branch, 413 GO terms were annotated (P 

Table 2 Summary of Transcriptome Assembly Results for different grasshopper species

Sample Full length(bp) Contigs GC (%) N50 Max contig Min contig Complete (%)

A. azteca 85,250,201 138,479 40.29 934 10,117 241 71.6

C. italicus 783,485,549 1,292,693 40.93 777 63,669 266 97.6

S. americana 160,912,811 305,724 41.16 622 43,436 228 94.3

S. lineatus 137,719,092 387,115 40.71 281 22,782 200 79.1

X. brachycerus 41,642,132 43,187 42.7 1799 19,641 207 85.5
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values < 0.05) (Additional file S4), we took the top 20 GO 
terms. Among them, merely 8 were associated with met-
abolic functions (Fig. 3B).

Through dN/dS analysis, we have identified 124 genes 
that were detected to be under positive selection in at 
least two migratory locusts. At the GO term level of these 
genes, there were 117 GO terms associated with locust 
migratory behavior (P value < 0.05) (Additional file S5), 
and six of them were related primarily to mitochondrial 
components, such as the mitochondrial inner membrane 
(GO:0005743) (Fig.  3C). Among the genes associated 
with this GO term (GO:0005743), we further identi-
fied 10 out of 124 genes that presented strong evidence 
of selection pressure in migratory species: ABCB10, 
FOXRED1, HIGD1A, MRPL13, MRPS22, MRPS9, MTG1, 
NDUFB5, NDUFC2, UQCRFS1 (Additional file S6). The 
genes NDUFC2, FOXRED1, NDUFB5, UQCRFS1, and 
ABCB10 are related to the inner membrane of mitochon-
dria. MRPS22, MRPS9, and MRPL13 are components of 
mitochondrial ribosomes. HIGD1A is involved in trans-
membrane transport. MTG1 plays a role in regulating 
the assembly and translational activity of mitochondrial 
ribosomes and is related to ribosomes, mainly located 
in the mitochondrial matrix. Some of these proteins are 
located on the inner membrane of mitochondria and par-
ticipate in processes related to the respiratory chain and 
transmembrane transport, while others located in the 

Fig. 1 Phylogenetic trees and estimated divergence times of the 10 grasshopper species. Red species represent locusts with migratory ability. The 
left side shows the divergence time of the locusts. The right side displays the phylogenomic information of locusts. The numbers at the branch 
nodes of the phylogenetic tree represent the support rates, which reflect the reliability of the branches

Fig. 2 Genome-wide patterns of convergent changes (dN/dS) 
linked to migratory evolution. In the Venn diagram, the numbers 
within the overlapping regions represent the quantities 
of positive-selected genes shared among different migratory species, 
while the numbers in the non-overlapping regions represent 
the quantities of positive-selected genes unique to each species. The 
bar chart represents the total numbers of positive-selected genes 
of different migratory species identified by the dN/dS method
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mitochondrial matrix and participate in ribosome assem-
bly and protein translation processes, providing energy 
for locust migration (Fig. 4). The selection signatures in 
these 10 mitochondrial genes suggest their role in locust 
migration. 9 out of 117 GO terms were associated with 
T-cell functions (Additional file S5), including the regu-
lation of T-cell differentiation (GO:0045580) (Fig.  3C). 
The gene PNP was associated with 8 out of 9 GO terms 
related to T-cell functions. It was present in S. piceifrons, 
C. italicus, and L. migratoria. PNP encodes an enzyme 
that is responsible for the reversible phosphorolysis of 
purine nucleosides [63, 64]. This indicates that PNP may 
play a key role in the migratory ability evolution of locust.

Apart from using the dN/dS method, we employed 
a stricter model, BUSTED-PH, to assess selection pres-
sures related to migratory behavior. This model evaluated 
whether the sequence evolution rate of genes was corre-
lated with the presence of migratory traits in these five 
locust species. The results indicated that 116 genes exhib-
ited phenotypic associations according to the BUSTED-
PH model. Furthermore, the gene function enrichment 
analysis (Additional file S7) revealed 160 GO terms that 
were significantly linked to locust migratory behavior 
(P value < 0.05). Among them, 15 terms were associated 
with mitochondria-related pathways, such as the mito-
chondrial inner membrane (GO:0005743), the mito-
chondrial protein-containing complex (GO:0098798), 
the mitochondrial translation (GO:0032543), the mito-
chondrial ribosome (GO:0005761), the mitochondrial 
electron transport, and the conversion of NADH to 
ubiquinone (GO:0006120) (Fig.  3D). The consistency 

between the two models strongly suggests that there 
is positive selection pressure on mitochondrial energy 
metabolism genes in migratory locusts. Combining the 
results of the two analyses, a total of 61 migration-related 
genes were identified via both the dN/dS and BUSTED-
PH methods (Fig.  5). Among these genes, 20 were spe-
cific to C. italicus, 15 to L. migratoria, 8 to S. piceifrons, 5 
to S. gregaria, and 4 to S. cancellata species. Additionally, 
three migration-related genes, namely NDUFC2, SND1, 
and Br–c, were shared between L. migratoria and S. gre-
garia, and the GlcAT-P and Vha16 genes were found to 
be shared between C. italicus and L. migratoria. Further-
more, CES5A was identified as a migration-related gene 
shared among C. italicus, S. cancellata, and S. gregaria 
(Additional file S8).

To further identify potential convergent evolutionary 
genes in migratory locusts, we calculated the evolution-
ary rate between migratory locusts and non-migratory 
locusts using the RER model. Interestingly, 392 genes 
exhibited a significantly higher evolutionary rate (P 
value < 0.05) in migratory locusts than in non-migratory 
locusts (Additional file S9). By integrating the RER, dN/
dS, and BUSTED methods, we identified a total of 1405 
genes associated with migratory traits. Specifically, 14 
genes were identified in both RER and BUSTED, 100 
genes in both RER and dN/dS, and 61 genes in both 
BUSTED and dN/dS. Additionally, 8 genes were iden-
tified in all three methods (Fig.  6). To further explore 
the functional trends of genes involved in migratory 
behavior evolution, we focused on the subset of genes 
with consistent behavior between the RER and dN/dS 

Table 3 The functions of 6 positively selected genes of locusts identified by dN/dS method

Gene full name Symbol Species Gene description

Aubergine AUB S.gregaria, S.piceifrons, S.cancellata Plays a crucial role in germline formation, 
mRNA localization and translational regula-
tion, as well as gene silencing

UDP-glucuronosyltransferase gene UDPGT S.gregaria, S.piceifrons, S.cancellata Encodes enzymes that catalyze the glucu-
ronidation of a wide range of endogenous 
and exogenous substances, playing a crucial 
role in detoxification and metabolism

Small nuclear ribonucleoprotein U5 subunit 
200

SNRNP200 S.gregaria, S.piceifrons, S.cancellata Involved in mRNA splicing, essential 
for the formation of the spliceosome com-
plex that removes introns from pre-mRNA

Histidine phosphatase superfamily (branch 2) HIS_PHOS_2 S.gregaria,
S.piceifrons,
S.cancellata,
C.italicus

Encodes enzymes that catalyze the dephos-
phorylation of various substrates, playing 
a crucial role in cellular signaling and regula-
tion

Senataxin SETX S.gregaria,
S.piceifrons, S.cancellata, C.italicus, 
L.migratoria

Encodes the senataxin protein, which is crucial 
for DNA repair, transcription, and maintaining 
genomic stability

Actin beta ACTB S.gregaria, S.piceifrons, C.italicus, L.migratoria Encodes one of the six actin proteins. These 
highly conserved actins are involved in cell 
motility, structure, integrity, and signaling
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models. This yielded 100 genes with a higher evolution-
ary rate, among which only six genes were present in 
at least three of the migratory species, including genes 
AUB, SNRNP200, SETX. Among the significantly asso-
ciated genes, selection signal of SETX gene was consist-
ently present in all five migratory species. In addition, 

the LOC126204421 gene, involved in oxidoreductase 
activity (GO:0016491), flavin adenine dinucleotide 
binding (GO:0050660), organic hydroxy compound 
metabolic process (GO:1,901,615), and pyridine-con-
taining compound metabolic process (GO:0072524), 
was specifically identified in S.gregaria, C. italicus, and 
L. migratoria (Additional file S10).

Fig. 3 The GO enrichment analysis of positively selected genes. A, B and C display the GO enrichments analysis of positively selected genes 
obtained through the dN/dS method. A The GO enrichment of positively selected genes in five migratory locust species. B The GO enrichment 
of positively selected genes in five non-migratory locust species. In A and B, the red GO terms are correlated with energy metabolic pathways. C 
The GO enrichment of positive selection genes in at least two migratory locusts. D The GO enrichment of positive selection in migratory branches 
that by the BUSTED-PH method. In C and D, red represents pathways associated with mitochondria, while blue represents pathways associated 
with T-cells
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Discussion
In our study, we used a comparative genomic approach 
involving 10 grasshopper species with different migratory 
capacities to investigate the genomic changes associated 

with the convergent evolution of migration. These spe-
cies effectively cover nearly all known locust ecological 
niches related to flight, which have important implica-
tions for analyzing complex behaviors such as migration.

Fig. 4 The 10 positive selection genes within the mitochondrial inner membrane (GO:0005743) GO term

Fig. 5 Joint identification of positive genes related to migration. Venn diagrams represent the number of positively selected genes identified 
by the dN/dS method and the BUSTED—PH method. The bars display the number of positive-selection genes identified by different methods. 
The combination of vertical lines and solid dots represents a set of genes related to migratory-related positive selection genes obtained by dN/dS 
analysis of different migratory locusts and genes corresponding to locusts and migratory traits found by the BUSTED—PH method
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Identifying positive selection is challenging because 
it occurs sporadically on a few specific amino acid sites, 
and its signal may be obscured by negative selection. 
In our research, the identification of genes involved in 
migration evolution mainly depend on selection pressure. 
The principal computational models employed for esti-
mating these pressures are PAML’s codeml and HyPhy’s 
BUSTED. The branch-site model in PAML and BUSTED-
PH for positive selection has a low false-positive rate and 
offers greater statistical power than branch-based tests 
[65–67]. BUSTED provides a genome-wide (non-site-
specific) test for positive selection by checking whether 
a gene has undergone positive selection at least at one 
site in at least one branch. Our analysis, which uses dN/
dS and HyPhy BUSTED-PH to assess selective pres-
sure across the genome, revealed that specific genes are 
associated with metabolism and mitochondria-related 
functions. These molecular adaptations probably reflect 
locust specialization in migratory behavior, and several 
candidate genes stand out in this respect.

Biologists have long been interested in convergent evo-
lution, like mammalian vocal learning [68], bird and bat 
echolocation [69], and the adaptation of marine mam-
mals to extreme marine environments [70]. To survive in 
new environments, animals may completely change their 
habits, and migration is a common phenomenon among 

animals [71–73]. Although the functional nature of these 
convergent specializations is often obvious, the genetic 
basis underlying specific examples of convergent evolu-
tion is far less clear [74].

In our research, we identified numerous genes associ-
ated with migratory traits. However, a larger number of 
significant genes were identified primarily on basis of 
strong evidence within one of the migratory clades, while 
the evidence was weaker in the other four. Eventually, 
only 6 out of 392 of the significantly associated genes pre-
sented robust evidence of differential rates of evolution in 
at least three of the migratory clades. Although hundreds 
of important genes have been identified, only the SETX 
gene was supported by strong evidence from all migra-
tory lineages. The SETX gene encodes a protein that has 
RNA helicase activity and is encoded by a domain at the 
C-terminal end of the protein. The protein encoded by 
this gene contains a DNA/RNA helicase domain at its 
C-terminal end, which suggests that it may be involved in 
both DNA and RNA processing. The most relevant gene, 
SETX, represents a particularly promising candidate as 
it had been previously associated with muscle develop-
ment [75]. This gene is homologous to yeast SEN1 and 
exhibits DNA/RNA helicase activity; the analysis of 
R-loop structures revealed that it is related to transcrip-
tional regulation and the DNA damage response [76, 77]. 

Fig. 6 Convergent evolutionary analysis of genes associated with locust migration. The bars display the number of genes identified by different 
methos related to locust migratory traits. The combination of vertical lines and solid dots represents sets found by different methods
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Many neurodegenerative diseases are associated with 
the formation and resolution of R-loops, and the SETX 
gene is closely linked to the autophagy pathway [78]. It 
uniquely contributes to normal muscle function, and 
depletion of SETX inhibits the progression of autophagy, 
resulting in mitochondrial defects. Dominant mutations 
in SETX lead to a juvenile form of amyotrophic lateral 
sclerosis (ALS) known as ALS4, whereas recessive muta-
tions result in a condition called ataxia with oculomotor 
apraxia type 2 (AOA2) [75]. Previous studies have shown 
that insect flight involves neuroendocrine control and 
rhythmic muscle contractions [79]. The ACTB gene has 
shown strong evidence of convergent selective pressure 
in S.gregaria, S. piceifrons, C. italicus and L. migratoria. 
ACTB encodes one of five different actin proteins and is 
an abundant and highly conserved cytoskeletal protein 
that plays critical roles in cell functions such as migra-
tion, division, and gene expression because it has the 
ability to form filaments that can be rapidly assembled 
and disassembled in response to the needs of cells [80]. 
It has long been recognized as a common housekeeping 
gene and reference protein [81].

In our study, the convergent evolution observed in 
migratory locusts was correlated with mitochondrial 
adaptations. Mitochondria are the primary organelles 
responsible for generating ATP via oxidative phospho-
rylation, which reflects their evolutionary changes in 
oxidative phosphorylation capacity and adaptation to 
the cellular energy demand. This evolutionary process 
reflects both their capacity for oxidative phosphorylation 
and adaptation, which is consistent with prior research 
on locust flight capabilities [82]. Although various meth-
ods have been employed to detect genome-wide con-
vergent evolution, detecting convergent amino acid 
substitutions remains a challenge.

Conclusions
In conclusion, through selection pressure analysis and 
convergent evolution analysis, we revealed that genes 
related to energy metabolism, mitochondrial ATP gener-
ation were under selection, indicating energy might con-
stitute the physiological basis for locusts to adapt to the 
migratory environment. At the pathway level, almost all 
migratory locusts exhibited energy-related genes under 
positive selection, indicating that there was a convergent 
evolution phenomenon at the molecular function level in 
migratory locusts. However, this study did not identify 
specific convergent evolution sites. This finding indicates 
that during the locust migratory process, a common 
selective pressure on multiple genes, rather than a single 
gene, might determine locust migratory traits.
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