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Abstract

Understanding the roles of transposable elements (TEs) in the evolution of genome and adaptation is a long-sought goal.
Here, we present a new model of TE co-option, in which a TE is harnessed by an essential gene and confers local
adaptation through heterozygote advantage. We characterized a human Alu-like TE family, the Lm1 elements, in the
genome of the migratory locust Locusta migratoria that harbors 0.7 million copies of the elements. Scanning Lm1
insertions in the natural locust populations revealed the widespread high polymorphism of Lm1. An Lm1 was recruited
into the coding region of Heat-shock protein 90 (Hsp90), an important molecular chaperone for diverse signal trans-
duction and developmental pathways. Only heterozygotes of the allele are present in natural populations. Allele fre-
quency increases with decreased latitudes in east coastal China, even increasing up to 76% in southern populations.
Regions flanking the Lm1 insertion display clear signatures of a selective sweep linked to Lm1. The Lm1-mediated Hsp90
mutation is consequential for the embryonic development of locust. Heterozygous embryos develop faster than the wild
type, particularly when cued by long-day parental photoperiod. The heterozygotes also present a reduced within-
population variation in embryonic development, i.e., high developmental synchrony of embryos. The naturally occurring
Hsp90 mutation could facilitate multivoltinism and developmental synchronization of the locust in southern tropical
region. These results revealed a genetic mechanism behind microevolutionary changes in which balancing selection may
have acted to maintain the heterozygote advantage through TE co-option in essential genes.
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Introduction

Eukaryotic genomes contain thousands to millions of copies
of transposable elements (TEs) and other repetitive elements.
For example, the majority of human genome (>66%) is com-
posed by repetitive and repeat-derived elements (de Koning
et al. 2011). The Alu repeats contain over one million copies
that comprise 10% of the genome (Batzer and Deininger
2002). Genome size evolution is associated with TE expansion
in the host (Agren and Wright 2017; Sessegolo et al. 2016). As
an example, the large genome (~6.5 gigabases) of the migra-
tory locust (Locusta migratoria) is saturated with TEs that
constitute ~ 60% of the genome (Wang et al. 2014). The
persistence of huge amount of TEs in the genome as well
as the effect of TEs on genome evolution and function are of
great interest to scientists in the past decades.

Most of TEs became “fossils”, lost their activity in evolution,
and thus were considered as unnecessary “junk” DNA
(Charlesworth and Langley 1989; Biemont and Vieira 2006).
However, evidences are found stating that sometimes these
elements exert strong effects on genome evolution, including

increase in recombination and unequal crossover (Britten
2010), proliferation in copy numbers (Schmidt et al. 2010),
and rewiring of regulatory networks (Feschotte 2008; Ellison
and Bachtrog 2013; Guio et al. 2014). Genomic landscape of
individuals in natural populations could be reshaped by in-
sertion of TEs, which was revealed in few species, such as in
humans (Batzer and Deininger 2002; Ewing and Kazazian
2010) and Drosophila melanogaster (Gonzalez et al. 2010;
Petrov et al. 2011; Begun et al. 2012).

TEs can act as a potent agent mediating the genetic var-
iation and driving phenotypic evolution (Ullastres et al. 2015).
TE may donate regulatory sequences (Gonzalez et al. 2009;
Guio et al. 2014; Ding et al. 2016; van’t Hof et al. 2016), and
change gene structures of nearby genes (Aminetzach et al.
2005; Feschotte 2008; Rebollo et al. 2012). For example,
P elements are widespread in proximal promoter of different
Heat-shock protein (Hsp) genes in wild D. melanogaster flies
(Walser et al. 2006). The insertion of P elements alters Hsp
expression and is consequential for thermal stress tolerance
and development (Chen et al. 2007; Chen and Wagner
2012). Insertion of a Doc TE (Doc1420) interrupts the gene
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CHKov1, alters the gene transcripts, and is associated with
increased pesticide resistance (Aminetzach et al. 2005). TE
insertion can also alter regulatory structures of nearby genes
(Mateo et al. 2014; Merenciano et al. 2016). In addition, TE
insertions can cause a selective sweep with reduced genetic
variability among the alleles linked to a TE (Aminetzach et al.
2005; Gonzalez et al. 2008; Gonzalez et al. 2010). However,
the influence of genetic variability on phenotypic expression
remains less unexplored.

Lm1 element is a human Alu-like Short Interspersed
Element (SINE), with the presence of millions of copies in the
migratory locust genome (Bradfield et al. 1985). Lm1-like se-
quences are also present in other orthopteran species (Wu et al.
2001; Aguirre et al. 2010; Berthier et al. 2011). Similar SINE
sequences could occur widely among eukaryotes (Bradfield
et al. 1985; Gilbert and Labuda 1999). Lm1 elements are asso-
ciated with transcription (Zhang and Wyatt 1996; Patel et al.
2001) and DNA methylation in the migratory locusts
(Robinson et al. 2016). However, the roles Lm1 elements play
in genome function and evolution of the locust remain elusive.

We thus conducted a genome-wide investigation of Lm1
families and their insertion polymorphism in natural popula-
tions of the locust. We focused on functional analysis of Lm1
in Hsp genes because Hsps are important molecular chaper-
ones and play an essential role in development and response
to environmental stress (Feder and Hofmann 1999; Kang et al.
2009). Hsps consist of several families based on their molec-
ular weight, e.g, Hsp90, Hsp70, and small Hsps (Feder and
Hofmann 1999; Huang et al. 2008). Among these families,
Hsp90 is predominantly present in the cytosol for both nor-
mal and stressful conditions. The functional cytoplasmic
Hsp90 is required for viability of eukaryotes under all tested
conditions (Borkovich et al. 1989). Different from other Hsps,
Hsp90 is associated with specific proteins involved in diverse
signal transduction and developmental pathways (Rutherford
et al. 2007). For example, Hsp90 plays an essential role in the
regulation of embryonic development of insects through
binding with its substrates and cochaperones (Bishop et al.
2002; Song et al. 2007; Bradley et al. 2012; King and MacRae
2015). More importantly, Hsp90 can buffer genetic and epi-
genetic variation whose expression leads to altered pheno-
types (Rutherford and Lindquist 1998; Sollars et al. 2003; Chen
and Wagner 2012). However, the contribution of Hsp90 to
phenotypic evolution in nature is seldom documented (Chen
and Wagner 2012; Rohner et al. 2013). Some instances of TE-
mediated Hsp mutations were recorded in natural popula-
tions of D. melanogaster (Walser et al. 2006; Chen and
Wagner 2012). Nevertheless, these mutations were repressed
at extremely low frequency or not independently occurring
(Walser et al. 2006; Sgro et al. 2008; Chen and Wagner 2012),
thus devoid of adaptive significance.

In the present study, we discovered the first naturally oc-
curring mutation of Hsp90 that has swept to high frequency
in wide geographic clines. This Hsp90 variant is an Lm1 inser-
tional mutation which presents only as heterozygote. The
insertion site represents a clear signature of selective sweep
linked to the Lm1. Interestingly, the Hsp90 mutation is asso-
ciated with a photoperiod-dependent developmental change
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of embryos. This allele could mediate the latitudinal variation
in life history traits (e.g, voltinism) of the locusts. Our study
provides a model of TE co-option in which TE is harnessed by
Hsp90 gene to adapt to local environments through balanc-
ing selection. The findings have implications for genetic
mechanisms underlying the microevolution of phenotypic
novelty under changing environments.

Results

Lm1 Elements in the Locust Genome: Abundance,
Diversity, and Insertion Polymorphism

Canonical Lm1 elements are a 200-base pair (bp) SINE se-
quence. Each element contains two 11-bp boxes, box A
(TGGCCGAGGTG) and box B (GGTTCGAATCC), followed
by a core SINE sequence (fig. 1A). The two boxes are highly
conserved fragments in eukaryote SINE families and homol-
ogous to the split RNA polymerase Ill (Pol Ill) promoter of
tRNA genes (Gilbert and Labuda 1999).

Lm1 elements are highly abundant in the locust genome.
Homolog search identified approximately 715,000 Lm1-like
sequences in the locust reference genome (BLAST E
value: < 1E-20). Thus, the Lm1 elements comprise an esti-
mated 2.2% of the locust genome.

We examined the gene localization of these Lm1 elements
in the whole locust genome. 91% of Lm1 are located in the
intergenic region; 6% of Lm1 are in the intronic region; and
few Lm1 (< 0.1%) are in the exonic region (fig. 1B).

After filtering the redundant sequences based on their
sequence similarity, we obtained 2,133 LmT clusters with at
least 10 similar sequences, and 343 Lm1 clusters with more
than 100 similar sequences (see supplementary table ST,
Supplementary Material online). The largest cluster consists
of 65917 sequences. We extracted the representative se-
quences for the first 1,000 largest Lm1 clusters and used the
sequences for alignment and evolutionary analysis (fig. 1C).
The estimated average evolutionary divergence is 0.156. These
Lm1-like sequences can be classified into at least seven big
subfamilies termed as Lm1A to Lm1G.

We further investigated the natural insertion polymor-
phism of Lm1 elements in six locust populations. The popu-
lations are distributed between latitude 18°N and 41°N along
the east coast of China (see supplementary table S2,
Supplementary Material online). A total of 24 loci located
in gene region (intronic or exonic region) were selected for
inspecting the insertion polymorphism of Lm1 belonging to
Lm1A. Twenty loci exhibit Lm1 insertion polymorphism
(>5% in maximum insertion frequency) (fig. 1D and see
supplementary table S3, Supplementary Material online).
Half of the Lm1 insertions remain at low frequency
(< 10%), although some Lm1 insertions range in high allele
frequency of up to 57% (i.e, the locus 4 in LN41 population).

Lm1-Mediated Hsp90 Mutation: Widespread
Occurrence, Transcript Alteration, and Heterozygote
Predominance

To investigate the possible adaptive effects of Lm1 insertion,
we screened the locust populations for Lm1 insertion
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Fic. 1. Localization, diversity, and insertion polymorphism of Lm1 elements in the locust genome. (A) Schematic structure of canonical Lm1
element. Boxes A and B represent the 11-bp elements of the split RNA Pol lll promoter. Lm1 insertion causes a direct repeat of the flanking
sequence. (B) Genic localization of all Lm1 sequences in the reference genome of the locust. (C) Evolutionary tree of Lm1 sequences. The
representative sequences for the first 1000 largest Lm1 clades were used in the phylogenetic analysis. The evolutionary history was inferred
by using the Maximum Likelihood method based on the Tamura-Nei model. (D) Lm1 insertion polymorphism in six locust populations in 20
loci. The natural populations are from localities ranging from latitude 18°N to 41°N. See the sampling sites and the polymorphic loci in

supplementary table S2-S3, Supplementary Material online.

mutations in Hsp genes. Four Hsp genes from different Hsp
families, namely, Hsp90, Hsp70, Hsp40, and Hsp20.5, were sub-
ject to the inspection. Lm1 insertion polymorphism was iden-
tified in Hsp90, Hsp70 and Hsp20.5. The Lm1 insertions in
Hsp70 and Hsp20.5 are maintained at low frequency
(< =10%) (see supplementary table S4, Supplementary
Material online). In contrast, the Lm1 insertion in the
single-copy gene Hsp90 is present in all the natural popula-
tions between latitude 18°N and 41°N and maintained at
high frequency (more than 71%) in southern populations
(fig. 2A and see supplementary table S1, Supplementary
Material online). Lm1 sequences in Hsp90 from these popu-
lations represent almost the same sequence belonging to
subfamily Lm7A (only one SNP), implying that their origin
is of the same insertion event.

The LmT1 insertion in Hsp90 disrupts the coding region of
Hsp90 and consequently leads to amino acid deletion. The

Lm1 element is inserted into the third exon of Hsp90 at a
position enriched with A,G,, repeats. The insertion leads to a
direct repeat of 13-bp fragment (i.e, GAGGAAGAGGAAG)
that flanks the element. We analyzed the amplified cDNA
transcripts from at least 20 different Hsp90 mutant and
wild-type mRNAs. The result indicates that the Lm1 element
in the mutant is spliced out during transcription, and not
incorporated into the mature mRNA of Hsp90. Instead, the
mutant transcript has a deletion of 6-bp nucleotides
(GAAGAG) at the insertion site. These nucleotides encode
two amino acids of glutamate (abbreviated as E) at 227 and
228 of wild-type Hsp90 protein sequence (fig. 2B). This mu-
tation site is located in the charged segment that links the
N-terminal domain and middle segment of the protein.
The linker region is not conserved among species relative
to other regions of Hsp90 (see supplementary fig. S1,
Supplementary Material online).
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Fic. 2. Lm1-mediated Hsp90 mutation in locust natural populations. (A) Gene structure of Hsp90 with Lm1 insertional mutation. Numbers above
the gene represent starting position of each exon into which intron is not counted. The Lm1 inserts at 830 bp. Numbers inside the box represent
length (bp) of each intron. LmT1 insertion leads to a direct repeat of 13-bp fragment GAGGAAGAGGAAG flanking Lm1. (B) Predicted domain
structure of Hsp90. N, M, and C represent N-terminal domain, Middle segment and C-terminal domain. In the Lm7-containing alleles, the Lm1
element s spliced out from Hsp90 transcript and leaves with a deletion of GAAGAG encoding two glutamic acids (i.e,, EE, at positions 227-228) as
indicated by the triangle. (C) Frequency of Hsp90"™" " in locust natural populations. The pie chart shows the proportion of heterozygotes in each
population indicated by filled cycle. Sample size: n > = 36. See the abbreviation for each locality in supplementary table S2, Supplementary

Material online. (D) Correlation between Hsp90""" frequency and latitude/monthly temperature at the sampling localities. Regression line is fitted

between Hsp90"™" frequency vs. latitude (red) or local temperature in January (blue).

No homozygous mutation of Hsp90 occurred in the nat-
ural populations. Only wild type (Hsp90™/*) and heterozy-
gote (Hsp90"™"*) were found in wild locusts. In the three
southern populations (HN18, HN19 and HN20), the hetero-
zygotes are up to 76%, which significantly departs from
Hardy-Weinberg Disequilibrium (HWD). No homozygous
mutants were detected in locust populations from different
latitudes and altitudes (see supplementary table S2,
Supplementary Material online).

To determine if the homozygote is rare or present only
under specific conditions, we reared the locust adults under
different conditions and performed different crosses. The
cross of heterozygotes predominantly produced heterozy-
gotes (more than 92%), but no homozygous mutants were
formed, regardless of different parental photoperiods and egg
incubation temperatures (see supplementary table S5,
Supplementary Material online). The observed genotype fre-
quency significantly departs from the Mendel’s law of segre-
gation (Chi-square test, P < 0.001). The reciprocal crosses of
heterozygote and wild-type locusts neither produced homo-
zygous mutants. We also examined the genotype of their
progenies at the stage of early egg, nymph, and adults as
well as in unhatched eggs. No homozygous mutants were
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detected. The results imply a possible heterozygote advantage
maintained by balancing selection at the Hsp90 site.

Correlation between Hsp90"""'

Local Environments
The allele Hsp90"™"in natural populations decreases its fre-
quency with the latitude from south to north of China (fig. 2C
and see supplementary table S2, Supplementary Material on-
line). We plotted the frequency of Hsp90""" against latitude
(fig. 2D). Regression analysis showed a significant latitudinal
cline (F,s=488, P=0.0009, R>=0.95). The mean tempera-
ture in January, that is, the lowest temperature of the year,
decreases gradually with latitude (see supplementary table S2,
Supplementary Material online). Regression with the temper-
ature revealed a significant correlation between Hsp90"™" fre-
quency and low local temperature (F;c=76.6, P =0.0003,
R>=0.94) (fig. 2D). The results imply a close association of
the occurring Hsp90 mutation with local environmental
adaptation.

We also investigated the possible influence of locust pop-
ulation structure on the correlation. The locust populations
are diverged into the northern and southern lineage based on

Allele Frequency and


Deleted Text: -
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
Deleted Text: a
Deleted Text: f
Deleted Text: l
Deleted Text: e
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msx062/-/DC1

Transposable Element-Mediated Selection in Hsp90 - doi:10.1093/molbev/msx062

MBE

mitochondrial genome sequences (Ma et al. 2012). We thus
replotted the allele frequency against latitude and tempera-
ture of the localities within the northern and southern line-
age, separately. In the southern lineage, the frequency of
Hsp90™™" is significantly correlated with latitude (F,s=16.3,
P=0016, R°=090) and local temperature (F;c=14.8,
P=0.018, R*=0.89). In the northern lineage, the allele fre-
quency is also significantly correlated with latitude
(F1s=19.1, P=0022, R’=093) and temperature
(F15=154.8, P=0.001, R*=0.99) (see supplementary
table S2, Supplementary Material online). Thus, the results
support a correlation between the Hsp90 mutation and
local environments within locust lineage, although the cor-
relation is weaker than that across population structure.

Selective Sweep Associated with the Lm1 Insertion in
Hsp90

We then attempted to ask whether the Lm1 insertion into
Hsp90 is beneficial (or linked to a beneficial mutation). If yes,
we expected reduced variation at sites linked to the LmT,
which is a signature of selective sweep. To test this prediction,
we sequenced the coding regions flanking the Lm1 in 30
HN18 strains and 22 GX24 strains: one 350 bp immediately
upstream and another 1.4 kilo-bp (kb) immediately down-
stream the Lm1. The haplotypes containing the Lm1 are di-
vergent from the haplotypes without the Lm1 (fig. 3). The
haplotype structure near the Lm7 insertion site revealed a
dramatically reduced sequence variability in the mutant al-
leles. We found only two distinct haplotypes among the
28 alleles containing the Lm1. In contrast, each one of the
24 wild-type alleles represents a unique haplotype (fig. 3).
In 5 x 10* coalescence simulation, we failed to generate any
samples with fewer than 10 distinct haplotypes (compared
with the observed two distinct haplotypes, 95% confidential
limit) linked to a polymorphism as frequent as the Lm1
(P < 0.000001, assuming no recombination). This result sup-
ports the hypothesis of a recent incomplete selective sweep.

To test whether the selective sweep is completely linked to
Hsp90™™", we studied the polymorphism in the regions far
from the insertion site (see supplementary fig. S2,
Supplementary Material online). At a region ~ 7 kb upstream
or ~ 5 kb downstream the Lm1, we found a modest signature
of selection (P = 0.057 and 0.037 in 5 x 10* coalescence sim-
ulations, respectively). At a distance of 14kb upstream or
15kb downstream the Lm1, coalescent simulation revealed
no violation of neutrality (P > 0.05 in each case). Therefore,
the selective sweep decays at increasing distance from the
LmT1 insertion, suggesting a focal point of sweep in or close to
the Lm1 insertion.

We further performed McDonald-Kreitman test to look
for evidence of selection in the evolution of this genomic
region (Mcdonald and Kreitman 1991). The ratio of amino
acid replacement to synonymous substitutions that are fixed
between species is significantly lower than the ratio of re-
placement to synonymous polymorphisms (G-test of inde-
pendence, G=39.1, P=394E-10; Fisher's exact test,
P =3.84E-09) (table 1). About 48% of the polymorphisms
are replacement substitutions, but only one fixed differences

between species are replacement substitutions. 29% of the
polymorphisms are replacement substitutions after single-
tons are excluded. This observation is against the neutral
expectation.

The excess amino acid replacement polymorphism pre-
dominantly occurred at two regions: one region contains
four amino acid replacements at positions 203-223 in N-ter-
minal domain of Hsp90, and another region contains six
amino acid replacements at positions 401-452 in Middle
domain. Among these replacements, two amino acid substi-
tutions in the two loci (lle— Phe 203, segregating sites -74 and
Val—Ala 452, segregating site 673) are fixed in the derived
states within the alleles containing the Lm1 but fixed in the
ancestral states within the alleles lacking the Lm1 (fig. 3). We
further sequenced the region flanking the Lm1 insertion in
another 14 strains of locusts from around the world (France,
Kazakhstan, Mongolia, Japan, and different regions of China).
The two novel amino acids are also fixed in the Lm1-bearing
alleles (see supplementary table S6, Supplementary Material
online). However, it cannot be determined at this moment
which genetic change, the Lm1 insertion or the two amino
acid substitutions, was the first target of selection.

Photoperiod-Dependent Embryonic Developmental
Variation Associated with Hsp90 Mutation

We next ask what the beneficial effect the Lm1-containing
allele might have. We postulated that the Hsp90 mutation
might affect embryonic development because Hsp90 can reg-
ulate the embryonic development in response to environ-
mental cues in L. migratoria as well as in other insects
(Bradley et al. 2012; Chen et al. 2015; King and MacRae
2015; Li 2016). We thus compared the embryonic develop-
mental rate of Hsp90"'"and Hsp90™""™" eggs from HN18
isogenic lines whose parents were reared at three different
photoperiods (Light vs. dark hours (L:D) 8:16, 12:12, and 16:8)
(fig. 4). Generally, the embryonic developmental rate de-
creases with day length, but differs between the genotypes.
At photoperiod LD8:16, the wild-type and heterozygous
embryos developed at almost the same rate, to stage
23.8 and 23.7, respectively, after incubation at 30 °C for
9 days. However, the embryos developed to stage 22.1
(Hsp90™*'*) and stage 23.2 (Hsp90™/*™") at LD12:12, in-
dicating that the heterozygote developed faster than the
wild type at this photoperiod (Mann-Whitney U test,
P <0.001). The heterozygous embryo also develops
faster than the wild type at long day length (LD16:8)
(P <0.001), with stage 20.1 for the wild type and stage
22.6 for the heterozygote (fig. 4A). Therefore, the Hsp90
mutation promotes embryonic development; this pro-
motion is further enhanced by long-day light cues.

The Hsp90 genotypes also differ in the within-population
variation in embryonic development. We observed in the
heterozygotes a statistically significant decrease in the relative
standard deviation (RSD, —-35% compared with the wild type;
Levene’s test, P=0.038) at LD8:16. The same results were
observed at LD12:12 (RSD, —61% compared with the wild
type; P=0.001) and at LD16:8 (RSD, —67% compared with
the wild type; P < 0.001). Thus, the heterozygous embryos
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Fic. 3. Genetic variability in sites flanking Lm1 insertion in Hsp90 coding region. The segregating sites (SS) within the 1,762 bp region flanking the
Lm1 insertion are shown. The 28 sequences above the middle line are mutant, and the 24 sequences below the middle line are wild type. Lm1 is
shown as a black column; the absence of Lm1 is shown as an empty column. The SS number and the distance from Lm1 are at the top. The SS are
represented as replacement (R) or synonymous (S) polymorphisms. The nucleotides of Hsp90 in the outgroup Oedaleus asiaticus (OasHsp90)

corresponding to the segregating sites are shown at the bottom.

exhibit less variation in the developmental trait, that is, higher
developmental synchrony, than the wild type (fig. 4A as well
as the inset figures).

To test whether the embryonic developmental variation is
affected by genetic background of source populations, we
examined the embryos in isogenic lines in three populations,
HN18, HN19, and HN20, under long photoperiod (fig. 4B and
see supplementary table S1, Supplementary Material online).
We observed significant decrease in the variation of embry-
onic development of heterozygotes in HN18 (RSD, -52%

compared with the wild type; Levene’s test, P < 0.001), in
HN19 (RSD, —37% compared with the wild type; P < 0.001),
and in HN20 (RSD, -63% compared with the wild type;
P < 0.001). The results reveal a clear divergence in embryonic
developmental variability between the Hsp90 genotypes in-
dependent of their origins.

In summary, the embryonic developmental rate decreased
with day length of parental photoperiod. However, the het-
erozygous embryo develops faster than the wild type, prom-
inently under long-day photoperiod. Meanwhile, the Hsp90
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heterozygotes exhibit a reduced developmental variation and
consequently a more synchronized development of embryos
(fig. 4C).

Table 1. The McDonald-Kreitman Test of Selection on Hsp90.

Fixed Polymorphic P value
Synonymous 49 24 (12) 3.94E-10
Replacement 0 22 (5) -

Note.—Number of replacement and synonymous substitutions for fixed differ-
ences between species and polymorphisms within species of L. migratoria is pro-
vided. The fixed difference is calculated in comparison with the sequences of the
grasshopper O. asiaticus. The 1.8 kb coding region of Hsp90 was examined (see
fig. 3). A G-test of independence (with the continuity correction) was used to test
the null hypothesis that the ratio of replacement to synonymous fixed differences
between species is same as the ratio of replacement to synonymous polymor-
phism within species. Values excluding singletons are given in parentheses.

A W Hspgo** W [{spgp L

Discussion

Contribution of Lm1 Elements to Genomic Evolution
TEs were reported to cause adaptive genetic and genomic
changes in some cases. However, the effect of TEs in the
essential genes and mediation of phenotypic variation in
adaptive evolution remains less understood. We character-
ized the families of Lm1 elements in the locust genome and
found that Lm1 elements are highly abundant and ubiquitous
in the locust genome. In addition to the locust, Lm1-like se-
quences are also found in other orthopteran species (Wu
et al. 2001; Aguirre et al. 2010; Berthier et al. 2011), but not
recorded in other insect orders. Thus, Lm1 elements seem to
be orthopteran-specific TEs. However, all Lm1 sequences pos-
sess the two consensus elements (box A and B) that were
presumably recruited from the internal promoter of Pol IlI
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Fic. 4. Embryonic development of locusts in response to parental photoperiods. (A) Development of eggs produced by adults reared with three
photoperiods (LD8:16, LD12:12,and LD16:8) at 30 °C. Eggs had been incubated at 30 °C for 9 days before examination of embryonic developmental
stage. Black column, Hsp90 wild type (Hsp90™'"); Red column, Hsp90 bearing Lm1 insertion (Hsp90"""'™). Inset figure shows the normal
distribution of the developmental stages. Eggs from ten isofemale strains were examined. N = 165 and 125 (LD8:16), 147 and 142 (LD12:12),
117and 131 (LD16:8), for Hsp90 ™' and Hsp90"™"/ . (B) Variation in embryonic developmental stages in three populations. Parent adults from the
natural populations (HN18, HN19, and HN20) were reared at long photoperiods (LD16:8) at 30 °C. Eggs from ten isofemale strains were examined.
N =63 and 70 (HN18), 75 and 68 (HN19), 57 and 69 (HN20) for Hsp90™/*and Hsp90"™"/™, respectively. See the population information in
supplementary table S2, Supplementary Material online. The mean % 1 SE are shown (red). (C) Schematic representation of embryonic devel-
opmental changes with parental photoperiods. The cycle size dictates relative standard deviation.
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from 7SL or transfer RNAs (Van Arsdell et al. 1981; Labuda
et al. 1991). Mammalian ubiquitous SINEs (e.g, human Alu
family) also harbor the bipartite consensus elements (Labuda
et al. 1991). Therefore, Lm1 elements could be the counter-
parts of the ubiquitous SINE families that widely occur in
eukaryotes.

The Lm1 elements have proliferated to millions of copies
after their invasion to the locust genome, comprising 2.2% of
the locust genome. The efficient proliferation of Lm1 ele-
ments may contribute to their structural attributes as retro-
posons. The two RNA Pol Ill promoter sequences could direct
their own transcription and facilitate their access to retroposi-
tional machinery (Labuda et al. 1991; Gilbert and Labuda
1999).

The Lm1 elements have caused the high genomic diversity.
The majority of Lm1 sequences (91%) are interspersed in the
intergenic regions, and a few of the Lm1 elements are
transcribed with mRNA, for example, in the hunchback
transcription factor (Patel et al. 2001), and the juvenile
hormone-regulated gene (Zhang and Wyatt 1996). Lm1
thus could contribute to the regulatory changes as well as
the origin of novel transcripts and even proteins. For exam-
ple, the Lm1 insertion in Hsp90 leads to a deletion of two
amino acids. Lm1 is also possibly associated with DNA meth-
ylation, and thus, gene expression in the locusts (Robinson
et al. 2016). We observed high proportion of Lm1 elements
(20 in 24) exhibiting insertion polymorphism in wild locusts.
Therefore, Lm1 could drive the genomic evolution and reg-
ulatory changes in natural populations.

Heterozygote Advantage and Balancing Selection at
Hsp90

The TE insertion event in Hsp90 causes both genetic and
possibly biochemical changes associated with Hsp90. The
Lm1 element in the mutant allele is spliced out possibly
through the transposition machinery associated with its
structural attributes (Gilbert and Labuda 1999), or the intro-
duction of alternative splicing sites with the insertion (Sorek
et al. 2002), or other unknown mechanisms. Similar phenom-
ena were reported with other TEs (Wessler et al. 1987; Sorek
et al. 2002). The two-amino acid deletion caused by the Lm1
splicing is present at the linker region of Hsp90 located be-
tween N-terminal domain and middle segment. Different
from other Hsp90 domains, this region is poorly conserved
and absent from the bacterial HtpG and mitochondrial pro-
teins (Pearl and Prodromou 2006). Removal of this region
does not noticeably impair the essential functions of yeast
Hsp90 in vivo (Scheibel et al. 1999; Jahn et al. 2014). However,
functional involvement by this segment is suggested, for ex-
ample, modulating domain contacts and Hsp90 chaperone
activity (Tsutsumi et al. 2012; Jahn et al. 2014). Therefore, this
specific insertional mutation in Hsp90 may be consequentially
mild but significant. In contrast, insertional mutations in
other regions of Hsp90 can be lethal, or incur high fitness
costs in organisms (Rutherford and Lindquist 1998; Chen
and Wagner 2012). Meanwhile, natural selection has acted
on the region centered at the Lm1 element, resulting to ex-
cess amino acid replacement polymorphisms in N-terminal
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domain and the middle domain of Hsp90. The polymor-
phisms are essential for ATP and client protein binding.
Among these replacements, two amino acid substitutions
are fixed in the derived states. The three major genetic
changes in Hsp90, i.e, the Lm1 insertion and the two amino
acid changes, could modulate Hsp90 chaperone activity and
phenotypic variations.

The predominant presence of Hsp90 heterozygote in the
locust could be associated with the fundamental role of
Hsp90 in cellular activity. Hsp90 is required for activating
many signaling proteins and highly critical for morphogenesis
and development; any mutation in either regulatory or cod-
ing region of Hsp90 gene is lethal to D. melanogaster flies
(Rutherford and Lindquist 1998; Chen and Wagner 2012).
Even point mutations in Hsp90 are homozygous lethal for
D. melanogaster (Yue et al. 1999). Therefore, the heterozygous
mutation at the linker region of Hsp90 may cause less harmful
or neutral effect on organisms, and instead have conferred the
developmental advantages under specific environmental con-
ditions (see more discussion below).

Balancing selection could have worked to maintain the
heterozygote advantage. The southern-most populations
contain more than 71% locusts bearing Hsp90"™" allele. In
contrast, the northern-most populations harbor much less of
the mutant allele. This finding is the first discovery of naturally
occurring and consequential Hsp90 mutant that has swept
high frequency in the wild. The locust is a highly migratory
species with populations breaking out frequently in south
and north of China (Jing and Kang 2003; Ma et al. 2012).
Hence, the locusts are usually expected to have minimal pop-
ulation substructure and strong gene flow counteracting ran-
dom drift (Ma et al. 2012; Chapuis et al. 2014). Latitude
associated local environments have been considered to exert
selective pressure and contribute to the genetic differentia-
tion of the locust populations (Wang and Kang 2005; Zhang
et al. 2009; Ma et al. 2012). The cline of Hsp90™" allele is
correlated with latitude and local environments, implying a
possible role of this mutation in local adaptation. It is believed
that genetic diversity would be severely reduced in haplotypes
carrying that advantageous allele when the allele is main-
tained by balancing selection and does not become fixed in
the population (Charlesworth 2006). We indeed observed a
strong selective sweep linked to the LmT1 insertion. Selection
would purge other Hsp90 variants from natural populations.
This variant is beneficial, and therefore persists and accumu-
lates in locust populations.

Beneficial Consequences in Embryonic Development
and Seasonal Occurrence

The Hsp90 mutation is consequential for embryonic develop-
ment, and could contribute to the evolution of voltinism in
the locust. In general, the developmental rate of insects de-
creases with day length, or increases at short-day seasons
(Aldyhim and Khalil 1993; Leimar 1996). The same phenom-
enon was observed in the Hsp90 wild-type and heterozygous
embryos. The short-day photoperiod in autumn could pro-
mote rapid embryonic development in preparation for over-
wintering. However, the two genotypes respond differently in
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embryonic development to parental photoperiod regime.
The heterozygous embryos develop faster than the wild
type, particularly at the long-day photoperiod. The long-day
period represents the natural light condition in north hemi-
sphere during vernal and autumnal equinox. Thus, the het-
erozygotes predominantly occurring in the southern
populations will develop fast and thereby produce multiple
generations in the growing season (i.e, multivoltine). In fact, a
latitudinal cline of locust voltinism exists: locusts in the most
northern population (e.g, LN41 and HB38) are obligate uni-
voltine; locusts in central China (e.g, JS32 and GX24) are
facultative or bivoltine; and locusts in the most southern
populations (e.g, HN18, HN19 and HN20) are multivoltine
(Ma 1958; Jing and Kang 2003). Therefore, the Lm1-mediated
mutation may be behind the evolution of locust voltinism
and thus promotes locusts’ adaptation to seasonal environ-
ments. Meanwhile, photoperiod change is indicative of sea-
sonal temperature, with which the allele frequency of the
mutation in latitudinal locust populations is correlated
(Fig. 2). The cold tolerance of the locust eggs presents a
similar latitudinal cline (Jing and Kang 2003). Thus, the
Hsp90 mutation may also confer adaptation of the locust
to local temperature.

Our study also implicates an evolutionary mechanism for
the regulation of developmental synchrony by Hsp90. The
Hsp90 mutant alleles have been subjected to selective sweep
that results into a reduced genetic variation in genomic re-
gion flanking the Lm1 insertion. Meanwhile, the mutant lines
present a reduced variation in embryonic development, that
is, high developmental synchrony. In contrast, the wild-type
locusts exhibit greater developmental variation. In other
words, the extent of developmental variation is related to
the Lm1i-linked polymorphic state in Hsp90 gene region.
We propose that the genetic homogenization in the mutant
alleles could promote the developmental synchronization.
The developmental synchrony could benefit the multivoltin-
ism of the locusts in southern populations by facilitating the
locusts’ mating, reproduction and migration so that they can
complete multiple generations in a season.

Hsp90 can regulate embryonic development in response
to photoperiod cues through several mechanisms. Hsp90 uti-
lizes the energy of ATP hydrolysis for binding client proteins
and maintaining proteins in an active conformation
(Echeverria and Picard 2010). The range of Hsp90 client pro-
teins includes steroid hormone receptors, proteins involved in
signal transduction pathways, and several transcription fac-
tors. In addition to the cytosolic function, Hsp90 can control
gene expression and alter cellular physiology during develop-
ment by globally targeting the RNA polymerase Il complex at
the promoter of numerous genes (Sawarkar et al. 2012). The
target genes include transcription factors, signaling molecules,
Hox genes, and environmental-responsive genes that can
sense the environmental change and regulate development.
Thus, the embryonic development could be regulated by
photoperiod signals through induction of a few genes that
require functional Hsp90 for their optimal induction. In ad-
dition, Hsp90 buffers the expression of cryptic genetic varia-
tion that affects phenotypic variation. Hsp90 inhibition or

gene mutation alters its buffering capacity, and possibly pro-
motes the expression of novel traits (Rutherford and
Lindquist 1998; Rutherford et al. 2007; Chen and Wagner
2012; Rohner et al. 2013). Therefore, the Lm1-mediated
Hsp90 mutations could control the expression of the embry-
onic developmental variation.

Materials and Methods

Locusts

At least 800 wild locusts were collected in field in each locality
(see supplementary table S1, Supplementary Material online).
These collection places are located along eastern coastal area
of China where locust plagues had historically occurred fre-
quently (Ma 1958). The locusts of each population were sam-
pled at more than 10 sites with an interval of > 500 m. The
live locusts collected in Hainan province (HN18) and Hebei
province (HB38) were retrieved and maintained in a large
stock (> 800 locusts) in the laboratory of the Institute of
Zoology, Chinese Academy of Sciences in Beijing.

Locust colonies were reared in well-ventilated cages
(35 x 35 x 35cm) at a density of approximately 400 individ-
uals per cage. Locusts were fed with fresh wheat seedlings and
bran. The culturing environment was kept constant in an
LD14:10 photoperiod regime at 30 = 2°C. Newly laid eggs
were kept in a plastic cup (diameter of 6cm and height of
9 cm) filled with sterilized sands with 8% humidity and main-
tained in an incubator at 30 = 1°C.

Sequence Analysis

Lm1 consensus sequence of the locust was initially obtained
from NCBI database (Bradfield et al. 1985) and validated in
the locust by sequencing. The Lm1 sequence was blasted
against the locust genome to search for Lm1-like sequences
(BLAST E value: < 1e-20) (Wang et al. 2014). All Lm1-like
sequences were clustered using the program CD-hit to
make non-redundant Lm7 sequence databases (Li and
Godzik 2006). It generates a database of representative se-
quences for all clusters. The core SINE sequence was obtained
from a previous report (Gilbert and Labuda 1999).

The evolutionary tree of Lm1 elements was constructed
using the Maximum Likelihood method that is based on the
representative sequences of the first 1,000 largest Lm1 clus-
ters. All positions with less than 95% site coverage were elim-
inated. Evolutionary analyses were conducted in MEGAG6
(Tamura et al. 2013). The domain structure of Hsp90 was
predicted on protein sequence conservation with yeast
Hsp90 (Pearl and Prodromou 2006). Coalescence simulations
were performed using DnaSP5.10 (Librado and Rozas 2009).

Lm1 Insertion Polymorphism and Genotyping

We examined the Lm1 insertion polymorphisms, that is, poly-
morphisms with the presence/absence of an Lm1 element at
a particular chromosomal location, by polymerase chain re-
action (PCR) in natural populations. Based on the reference
locust genome (Wang et al. 2014) we investigated 24 gene
regions in which Lm1 element of a specific clade (cluster 324,
see supplementary table S1, Supplementary Material online)
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is present. A total of 30 individuals from each of six latitudinal
populations were genotyped. The six populations are HN18,
GX21, GX24, )S32, HB38, and LN41, which are located be-
tween latitudes 18°N and 41°N (see supplementary table S2,
Supplementary Material online). Genomic DNA from all
these locusts was extracted using DNeasy Tissue kit
(Qiagen). To assay for Lm1 insertion, we designed one
set of primers for each loci, which lay in the flanking re-
gion approximately 200 bp to the left or right of the Lm1
insertion (see supplementary table S7, Supplementary
Material online). We expected this PCR to present a
higher band when the element is present. The presence
of Lm1 was further confirmed by sequencing of the PCR
product.

We screened four Hsp genes, i.e,, Hsp90, Hsp70, Hsp40, and
Hsp20.5, by PCR for Lm1 insertion in their coding and 5’
proximal promoter region. The sequences of the four Hsp
genes were previously reported (Wang et al. 2007, Wang
et al. 2014). To detect the presence of Lm1 element, we de-
signed two sets of primers that consist of a “left” primer
complementary to the Hsp gene and a “right” primer com-
plementary to the Lm1 sequence, or in reverse direction. PCR
products were sequenced to confirm the specificity of
amplification.

Two PCRs were performed to detect the specific Lm1 in-
sertion polymorphism in the Hsp90. In one PCR, genomic
region covering the Lm1 insertion site was amplified using
two Hsp90-specific primers. In another PCR, presence of Lm1
insertion was detected with one primer specific to Hsp90
sequence and another primer specific to Lm71 sequence.
Amplification with the heterozygote DNA is expected to
give two bands in the first PCR and one band in the second
PCR. The Hsp90-specific primers blasted against the locust
genome and transcriptomes to confirm the specificity of am-
plification for these primers. Primers for the PCRs are listed in
supplementary table S7, Supplementary Material online.

SNP Sequencing in Hsp90 and Flanking Regions

We sequenced a total of ~1.8kb of Hsp90 coding region
flanking the Lm1 insertion, including 350 bp immediately up-
stream and 1.4 kb immediately downstream of Lm1. The se-
quenced samples were from 30 isofemale lines established
from the HN18 population and 22 isofemale lines from
GX21 population. The nucleotides of Hsp90 (OasHsp90) in
an outgroup grasshopper species O. asiaticus were also se-
quenced. L. migratoria belongs to the monotypic genera
Locusta, and O. asiaticus is an Orthopteran species phyloge-
netically most closely related to L. migratoria (Fries et al. 2007;
Ma et al. 2009). Five O. asiaticus strains were sequenced. The
wild-type sequences in L. migratory were amplified with
Hsp90-specific primers. The mutant sequences were amplified
with one primer Lm1-specific and another Hsp90-specific to
obtain the region upstream and downstream of the Lm1
insertion in two separate PCRs. The final PCR product was
purified and sequenced from two ends. Primers for the PCRs
are listed in supplementary table S7, Supplementary Material
online. All the sequences have been deposited in GenBank
under accession numbers KX982265-KX982316 (upstream
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sequences) and  KY022100-KY022151  (downstream
sequences).

We sequenced four single-copy intergenic regions at var-
ious distances from the Lm1 insertion. The four regions are 1)
490 bp in length, ~7 kb upstream the Lm1, 2) 479 bp, ~14 kb
upstream, 3) 501bp, ~5kb downstream, and 4) 494 bp,
~15 kb downstream. To obtain the specific sequence of these
fragments located on the strand bearing the Lm1 in the het-
erozygote, we performed three nested long PCRs involving
three sets of primers. In the first PCR run, the DNA fragment
covering the Lm1 and the target sequence was amplified with
one primer specific to Hsp90 and another specific to the
target sequence. In the second PCR run, PCR was performed
with one primer specific to Lm1 and another specific to the
target sequence to obtain the fragment bearing the Lm1. In
the third PCR run, PCR was performed with two primers
specific to the target sequence. The PCR product in the first
two PCRs was purified and used as PCR template in the fol-
lowing PCR. To obtain the four sequences in the wild-type
locusts, we only performed the third PCR used with the target
sequence-specific primers. The final PCR product was purified
and sequenced from two ends. We also confirmed with Lm1-
specific primers that there is no other Lm1 present in these
regions in the strains we screened. The LA PCR™ Kit (Takara
Bio) was used for the long range PCR according to the user’s
manual. A total of 25 locusts were analyzed, including
15 mutant locusts and 10 wild-type locusts from the HN18
and GX21 population. Primers for the PCRs are listed in
supplementary table S7, Supplementary Material online.
All the sequences have been deposited in GenBank under
accession numbers KY022000-KY022099.

Embryonic Development

Locust isofemale lines used in phenotypic measurement were
established from HN18 population. The Hsp90™'"and
Hsp90 ™" adults from an isofemale line were mated to
produce eggs that were examined for embryonic develop-
ment and genotyping. To set up different photoperiod re-
gimes (L:D 8:16, 12:12 and 16:8), locusts were reared from 5th-
instar nymphs in a well-ventilated incubator in which light
and temperature were programmably controlled. The tem-
perature was set at 30 = 1°C. The parent locusts (nymphs or
adults) were genotyped using genomic DNA extracted
from 1 pL hemolymph (Holehouse et al. 2003). Approximately,
30 eggs from each of 10 isofemale lines were examined. When
standard incubated eggs developed into the 9-day-old stage,
embryonic development was examined under a microscope
(Leica Application suite M205C, v. 3.3.0, Wetzlar Germany).
The whole developmental period of the locust embryos was
classified into 27 distinct developmental stages according to
the quantitative staging system previously described
(Bentley et al. 1979). The eggs were then stored in 70%
ethanol for DNA purification and genotyping.

Statistics

The departure of allele frequency from HWD was analyzed
using Chi-square test. The regression analysis of latitudinal
clines included seven localities (e.g, HN18, HN20, GX21,
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GX24,)S32, HB38, and LN41) while not considering population
structure, and included six localities (e.g, HN18, HN19, HN20,
GD21, GX21, and GX24) for the southern lineage, and five
localities (e.g, JS32, AH33, HN34, HB38, and LN41) for northern
lineage (see supplementary table S2, Supplementary Material
online). The frequency distribution of the developmental
stages was evaluated using the Mann-Whitney U test. The
normal distribution of developmental stages was approxi-
mated through kernel density smoothing using the kernel
function K(t)= (2n)"" %exp(-t’/2) (Wand and Jones 1995).
Coefficient of variation of developmental rate, also known as
RSD, is defined as the ratio of standard deviation to mean.
Difference in RSD was analyzed using Levene’s test. McDonald-
Kreitman test was performed to look for evidence of positive
selection (Mcdonald and Kreitman 1991). The test was used to
test the null hypothesis that the proportion of replacement
substitutions is independent of whether the substitutions are
fixed or polymorphic, based on a neutral model of evolution.
Replacement refers to nucleotide differences within codons
that alter the amino acid (Sawyer and Hartl 1992). Differences
were considered statistically significant if P < 0.05. Data were
analyzed using the SPSS 16.0 software (SPSS, Chicago, IL, USA).
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Supplementary data are available at Molecular Biology and
Evolution online.
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