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Morphological differentiation despite gene flow
In an endangered grasshopper
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Abstract

Background:




between populations are gradually accumulating, aided
by increasingly sophisticated genetic tools [24-30].
Historically, one of the most informative animal groups
in this field of study have been Orthoptera and in particu-
lar grasshoppers [14,31-35]. Here we report on flight-
less New Zealand short-horned grasshoppers (Orthoptera:






correspond to current taxonomic groups or morphological
types. MtDNA sequences from



australis from either the central group E+=0.09175
(P=0.09677), or from the area of sympatryf=0 (P =1)
(Figure 1).

Microsatellites

The three microsatellite loci surveyed each had between
16 and 18 alleles. No evidence of linkage disequilibrium
was detected and Hardy-Weinberg expectations were met
in the majority of population samples. A positive relation-






Nuclear sequencing sequence had only 13 observable SNPs. Only one of the
We amplified and sequenced the ITS region (706 bp in-
cluding 5.8S, ITS1 and 2) from 40 grasshoppers. Some of
the grasshoppers had unambiguous single ITS sequence
but many had more than one ITS sequence, consistent
with these grasshoppers being heterozygotes of mixed an-
cestry. Of twenty-five grasshoppers (£ childiand 10,S.
australis) collected near the township of Alexandra, 16
(11S. childi 5S. australi3 had more than one sequence
which differed by the presence of an INDEL approximately
100 bp from the ITS1 forward primer. Sequences of ITS2
from these individuals were unambiguous except at single
nucleotide polymorphic sites (SNPs), confirming that these
grasshoppers carried more than one ITS sequence per
genome. There were 16 SNPs in the set of unambiguous
sequences. However the presence of an INDEL near the
start of ITS1 meant grasshoppers with more than one



Rad-Seq SNPs

The lllumina sequencing provided 9,789,323 forward reads

of 100 bp for the 30 grasshoppers, of which 8,934,377 were

retained after quality checks in process_radtags.pl (part of

the Stacks package). These comprised between 3,743 and

978,246 reads per individual with a total of 30,439 loci.

Three individuals (2S. australisand 1S. child) were re-

moved due to low coverage. From these data sets we

identified 8,958 loci that occurred in >2 individuals and

these were subjected to further selection based upon

coverage per population. The Lindis population was re-

moved from subsequent analysis as several individuals

failed to produce data of sufficient quality (likely due to

poor DNA quality) and most of the putative-loci resolved This was confirmed by analysis in MIGRATE-N, which

were not represented in the other samples. Of 8,958 locijndicated extensive gene flow between the species in the

74 were retained as they occurred inr60% of the two pop- zone of sympatry (Table 2).

ulations Sigaus childiand Sigaus australign sympatry).

The relatively low proportion of loci that were represented Discussion

across both population samples was due to insufficient rep-We found morphological support for two distinct entities

resentation of their very large genome despite our protocolconsistent with their existing taxonomic treatment as

involving quanitification and compensation for this. Never- speciesSigaus australiend Sigaus childi. Sigaus australis

theless we obtained ample data for our purpose. has a comparatively wide geographic range that can be
The distribution of pairwise §. childi'S. australi3 Fst  subdivided into a number of phylogeographically distinct

values for each of the 74 putative-loci revealed the highmtDNA haplogroups. Sigaus childiis nested within S.

frequency of low scores expected in the absence of sigaustralisin terms of habitat, geographic range and genetic

nificant structure (Figure 6a). A test for deviations from diversity; in stark contrast to its clear morphological dis-

expected frequencies of neutral loci in BayeScan indicatedinction. Despite occuring in sympatry, no phenotypic

that one marker may have been subject to diversifyingintermediates were detected. We found no evidence of

selection, log(PO) >0 alpha 0.878 (Figure 6b). A BLASTgenetic partitioning in putatively-neutral mtDNA se-

search of the sequence containing this SNP did not resultquence, microsatellite, ITS sequence loci or SNP data.

in any matches to known sequences on Genbank. MearNone of the mtDNA diversity detected withinSigaus

population pairwise ktwas low (0.025), with a confidence australis is concordant with current taxonomic sub-

interval that effectively included zero (Cl 2.5% 0.001, Cldivision. Microsatellite allele frequencies withis. childi

97.5% 0.053), providing little evidence that these sampleare indistinguishable from those within sympatricS.

represent more than one population, with random mating. australis suggesting recent (and on-going) gene flow. The

Population differentiation estimated with STRUCTURE SNP data show no population structure and extensive

suggested extensive sharing of genetic material among

populations, with no species structure detected (Figure 4ci).






[5,23]. In the Sigaus



using traditional species characteristics as the sole mor-
phological traits analysed. Much of the taxonomy in the
Sigausgenus relies on the pronotum shape, but descrip-
tions are often vague, based on discrete states and inferred
from few individuals making species identification difficult
[36,65,66]. Using two digital images of the pronotum of
each of 147 individuals (118. australis 34S. child) that
were obtained with the aid of a dissecting microscope we
tested whether shape variation could be detected from
metric data. Using IMAGEJ [68], 14 landmarks were iden-
tified around the perimeter of the dorsal surface of the
pronotum on each image of each grasshopper and mea-
sured. The landmarks were selected to maximise vari-
ation among individuals. These measurements were
analysed using MORPHOJ [69]. A procrustes fit aligned
by principal axes was performed to eliminate size differ-
ences before a Procrustes ANOVA was used to examine
the error of image capture. This analysis revealed that
the error arising from image capture variation was bio-
logically irrelevant: mean squares for image capture was
32 times smaller than the variation found between individ-
ual grasshoppers. Juveniles, adults and both sexes were in-
cluded in the analyses and tested to confirm they did not



australis samples only, secondly among all samples from all
areas sampled for the complex, and thirdly among all sam-
ples collected in the area of sympatns( childi and S.
australis) and central groupS. australis(Figure 1). The
analyses were run using an admixture model with corre-
lated allele frequency, 100,000 generations of burn-in
followed by 100,000 generations, and the number of
groups (K) set from 1 to 20 (10 replicates each). The
optimum value of K was found using the K method
except for K=1, which was determined by examination of
the bar-plots and structure harvester [81]. Charts were
averaged over the 10 replicates and re-drawn using
CLUMPP and distruct [82,83]. We sought evidence of
genetic differentiation concordant with morphology using
the populations within the central group subset identified
by STRUCTURE (Figure 1).

A standard AMOVA was used to test for significant
genetic differences based on the estimate of genetic par-
titioning among groups (k1) using ARLEQUIN version
3.5.1.2 [78]. The first run teste®. childiagainst all pop-
ulations in the central group and the second only those
S. childi and S. australisindividuals from the area of
sympatry (Figure 1).

Nuclear sequence

Nuclear sequences representing the internal transcribed
spacers (ITS1 and ITS2) of the rRNA cluster and the inter-
vening rRNA 5.8S gene were obtained using the primers
ITS4 and ITS5 [84]. PCR conditions and sequencing
followed standard protocols as above. Sequences were
aligned using GENEIOUS PRO version 5.3.4 [74] and
checked by eye. Sequences were generated for all grass-
hoppers from the area of sympatry &. childiand S. aus-
tralis (the Alexandra region). Alignment and comparison of
unambiguous with ambiguous sequences allowed us to
identify the most likely combinations of sequences that gave
the observed heterozygotes3S Where sequence variants
differed by single nucleotide substitutions we could identify
and resolve the polymorphism. Where sequence variation
involved INDELs the resulting length polymorphism was
evident by abrupt onset of sustained nucleotide ambiguity
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putative-locus (read), and eacputative-locus appeared in
both S. australisand S. childi populations, and occured
in  50% of the individuals.

Gene flow between the two populations in sympatry
was estimated using MIGRATE-N version 3.5.1 [92,93],
although algorithms that test for gene flow are often not
ideal for situations where gene flow is very high, which
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