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Abstract

The complete mitochondrial genome and a set of polymorphic microsatellite markers were
identified by 454 pyrosequencing (1/16"M of a plate) for the New Caledonian rainforest spider-
ant Leptomyrmex pallens. De novo genome assembly recovered the entire mitochondrial
genome with mean coverage of 8.9-fold (range 1 to 27). The mitogenome consists of 15,591
base pairs including 13 protein-coding genes, 2 ribosomal subunit genes, 22 transfer RNAs,
and a non-coding AT-rich region. The genome arrangement is typical of insect taxa and very
similar to the only other published ant mitogenome from the Solenopsis genus, with the main
differences consisting of translocations and inversions of tRNAs. A total of 13 polymorphic
loci were also characterized using 41 individuals from a single population in the Aoupinié
region, corresponding to workers from 21 nests and 16 foraging workers. We observed
moderate genetic variation across most loci (mean number of alleles per locus = 4.50; mean
expected heterozygosity = 0.53) with evidence of only two loci deviating significantly from
Hardy—Weinberg equilibrium due to null alleles. Marker independence was confirmed with
tests for linkage disequilibrium. Most loci cross amplified for three additional Leptomyrmex
species. The annotation of the mitogenome and characterization of microsatellite markers
will provide useful tools for assessing the colony structure, population genetic patterns, and
dispersal strategy of L. pallens in the context of rainforest fragmentation in New Caledonia.
Furthermore, this paper confirms a recent line of evidence that comprehensive mitochondrial
data can be obtained relatively easily from small next-generation sequencing analyses.
Greater synthesis of next-generation sequencing data will play a significant role in expanding

the taxonomic representation of mitochondrial genome sequences.

Keywords: 454-pyrosequencing; mitogenome characterization; microsatellites; Formicidae

species cross amplification; population genetics
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Introduction

Ants are of great ecological importance and are commonly used as key indicator species for
assessing the ecological impacts of environmental disturbance [1]. However the population
genetic responses of ant communities to deforestation and fragmentation in tropical
rainforests [2] have been seldom investigated (but see Bickel et al. [3] and Tawato et al. [4]).
This is partly due to the limited knowledge of the biology, ecology and social behaviour of
most tropical rainforest ant species. Social structure in particular is a strong determinant of
relatedness and dispersal behaviour in ants [5], but such information is often lacking.
Understanding this structure is critically important for conducting reliable population
assessments, particularly at the genetic level. Genetic markers such as microsatellites allow
colony structure to be easily inferred [6]. Today these markers can be developed quickly and
at low cost for most species using next-generation sequencing (NGS) [7].

Recent studies have demonstrated that NGS can be used effectively to recover
additional molecular markers including whole mitochondrial genome (mitogenome)
sequences [8,9]. Investigation of genetic variation at mitochondrial loci can be particularly
useful for assessing patterns of sex-biased dispersal, species phylogeography and
demographic histories [10]. However, while several complete ant nuclear genome sequences
have been described [11-17], only one study has successfully characterised complete
mitogenomes in ants and these are limited to the genus Solenopsis [18].

In this study we develop a suite of molecular markers for the New Caledonian spider-
ant Leptomyrmex pallens, a widespread, conspicuous tropical rainforest species [19].
Rainforests of New Caledonia have been severely fragmented and converted to species-poor
savannas over the last 3500 yrs, mostly due to anthropogenic fires [20]. In order to determine
the impacts of habitat fragmentation on the population genetics of L. pallens, we undertook a

modest 454 pyrosequencing run, from which we designed a set of 13 polymorphic
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microsatellite markers and recovered the full mitochondrial DNA sequence. Combined, these
markers will provide a valuable resource for investigating population genetics and
demographic history of L. pallens in response to fire induced habitat fragmentation in New

Caledonia.

Material and methods

Next-generation sequencing

Approximately 10 pg of genomic DNA was extracted from a single whole, crushed L. pallens
specimen, using a QIAGEN DNA Easy kit. DNA was subsequently processed by the
Australian Genome Research Facility (Melbourne), where it was nebulized, ligated with 454
sequencing primers and tagged with a unique oligo sequence allowing sequences to be
separated from pooled species DNA sequences, using post-run bioinformatic tools. The DNA
sample was analyzed using high throughput DNA sequencing on 1/16" of a 70 x 75 mm Pico

Titer Plate using the Roche GS FLX (454) system [21].

Microsatellite isolation and characterisation

Unique sequence contigs possessing microsatellite motifs were identified using the open-
source QDD version 2 [22]. Primer3 [23] was used to design optimal primer sets for each
unique contig, where possible. A selection of contigs including di-, tri-, and tetra-nucleotide
repeats was used for subsequent analysis. Loci were screened for polymorphism using
template DNA from eight individuals, representing two sample locations from New
Caledonia: the Aoupinié region in the Northern Province, and the Montagne des Sources
region in the Southern Province. Loci were pooled into groups of four, labeled with unique
fluorophores (FAM, NED, VIC, PET) and co-amplified by multiplex PCR using a QIAGEN

multiplex kit and an Eppendorf Mastercycler S gradient PCR machine following the protocol
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described by Blacket et al. [24]. Genotyping was subsequently performed using an Applied
Biosystems 3730 capillary analyzer (http://www.agrf.org.au) and product lengths were scored
manually and assessed for polymorphisms using GENEMAPPER version 4.0 (Applied
Biosystems).

Polymorphic loci were selected, pooled into two groups for multiplexing, based on
observed locus specific allele size ranges, and further characterized using DNA from 41
individuals sampled in 2010-12 from 21 nests and 16 locations in the Aoupinié region (c.a.
4900 ha). Unpublished analyses justify the spatial sampling design, as it represents a set of
unrelated individuals within a panmictic population (M. Berman, unpub. data). Microsatellite
profiles were again examined using GENEMAPPER version 4 and alleles scored manually.
The EXCEL MICROSATELLITE TOOLKIT [25] was then used to estimate expected (Hg)
and observed (Ho) heterozygosities and number of alleles (Na), while conformation to
Hardy-Weinberg equilibrium (HWE), inbreeding coefficient (F;s) and linkage disequilibrium
estimates between all pairs of loci were examined using the open-source GENEPOP on the
web version 4 [26]. Where necessary, significance values were adjusted for multiple
comparisons using Bonferroni corrections [27]. All loci were assessed using MICRO-
CHECKER to check for null alleles and scoring errors [28]. The frequency of null alleles per
locus was obtained using the ‘Brookfield 1’ formula, as no evidence of null homozygotes
across loci was found [29]. Finally, cross-species amplifications were conducted on each of
the two other New Caledonian Leptomyrmex species (L. nigriceps, 2 individuals; L.

geniculatus, 2 individuals) and an Australian representative (L. nigriventris, 1 individual).

Mitochondrial assembly and annotation
Sequence reads in SFF format were edited by trimming 454 adaptor sequences, and

converted to fasta and quality file format using the open-source GALAXY software [30].
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Genomic sequence contigs were assembled using de novo default 454 parameters in the open-
source Unix based software MIRA version 3.4.0.1 [31]. Coverage statistics were obtained
with the software GENEIOUS version 5.6.6 [32]. Gene positions, codon usage,
transcriptional orientations, transfer RNA (tRNA) cove-scores [33] and secondary structures
were obtained with the open-source DOGMA software [34], using a 30% identity cutoff for
protein coding genes, due to the paucity of related mitochondrial genomes available in the
database. Annotations and reading frames were confirmed by visual inspection in
GENEIOUS using the Solenopsis invicta mitochondrial sequence as reference [18]. The
ribosomal subunits (rRNA) gene boundaries were estimated with alignments implemented in
GENEIOUS using the Solenopsis genomes, with a high degree of conservatism at the
beginning and end of the respective genes across taxa. GENEIOUS was used to generate the
finalized annotated mitochondrial genome map (Genebank accession number KC160533).
Gene arrangement, composition and transcriptional polarity was compared with the ant
Solenopsis invicta (Hymenoptera: Vespoidea: Formicidae: Myrmicinae; GenBank accession
number NC014672 [18]), the wasp Abispa ephippium (Hymenoptera: Vespoidea: Vespidae:
Eumeninae; NC011520 [35]), the bee Apis mellifera ligustica (Hymenoptera: Apoidae:
Apidae; NC001566 [36]), and the fruitfly Drosophila melanogaster (Diptera: Drosophilidae:

Drosophilinae; NC001709 [37]).

Results and discussion

Next-generation sequencing output

A total of 49,014 reads with an average length of 527 bp (after trimming 454 adapter
sequences), and covering up to 25.6 Mb of the L. pallens genome was obtained by NGS.

These data would represent ~ 8.8% of the genome, based on previous ant genome size
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estimates (~290 Mb, Atta cephalotes [15]). However, these figures are probably

overestimated due to expected read redundancy.

Microsatellite isolation and characterization
A total of 3207 unique sequence contigs possessing microsatellite motifs were identified by
QDD analysis, of which 2741 contigs were found to possess optimal priming sites. A total of
40 contigs were screened for polymorphism, with 29 containing di-nucleotide repeats, 8
containing tri-nucleotide repeats, and 3 containing tetra-nucleotide repeat motifs. The
screening analysis found 21 loci to be polymorphic, 10 were monomorphic and 9 failed to
amplify. A final subset of 13 polymorphic loci were selected for further investigation based
on marker profiles and allele sizes.

All loci were characterized by low to moderate genetic variation, with an average of
4.5 alleles per locus (range = 2 — 12 alleles) and heterozygosity estimates ranging between
0.33 and 0.77 (mean = 0.53; Table 1). Linkage disequilibrium analyses confirmed marker
independence as none of the 78 pairwise tests were significant after Bonferroni correction.
All loci were found to conform with Hardy-Weinberg expectations, apart from LP14 and
LP26, which showed an excess of homozygotes, as indicated by high Fsvalues (Table 1).
MICRO-CHECKER detected the presence of null alleles at these loci only. Cross-species
amplifications are reported in Table 1. Some loci were found to be polymorphic in each
species, however more comprehensive analyses at the population level are needed to provide

reliable estimates of marker viability.

Mitochondrial genome of L. pallens
Approximately 0.7% of the total NGS reads (343 reads) were of mitochondrial origin, and de

novo assembly of mtDNA sequence contigs revealed complete genome coverage with a mean
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coverage of 8.9-fold (range 1-27). The absence of internal stop codons, ambiguous base calls,
and evidence of heteroplasmy, suggests that our sequences are authentic mitochondrial
targets rather than nuclear mitochondrial-like sequences (numts) which are common in ants
[38]. The nucleotide composition of the a-strand is 5,758 adenine (36.9%), 3,431 cytosine
(22%), 1,317 guanine (8.4%), and 5,082 thymine (32.6%). The A-T bias is a common feature

of arthropods [39,36,18] but is less pronounced in Formicidae so far (Table 3).

Genome composition

The mitochondrial genome of L. pallens is a circular molecule 15,591 bp in length, with a
typical metazoan gene composition including 13 protein-coding genes, 2 ribosomal subunits
(rRNA), and 22 tRNAs, all of which had a cove-score > 20 (Figure 1; Table 2). The gene
arrangement overall, including respective transcriptional polarities of genes, is very similar to

that described in the Solenopsis genus and typical of insect taxa generally (Figure 2).

Protein-coding genes

The majority-strand («) encodes 9 genes, while the minority-strand (5) encodes 4 genes
(Table 2; Figure 1). Nucleotide overlap was observed between ATP8 and 6 (1 nucleotide;
Table 2), a common feature in insect mitochondrial genomes [35,36]. We did not observe the
common overlap between the ND4L and ND4 genes as observed in insects and metazoans
generally [18,35,37], instead these genes were separated by 16 intergenic nucleotides. Non-
overlapping ND4 genes have also found previously in A. mellifera [36]. The standard
methionine (ATN) initiation codon was inferred for 12 of the 13 genes while the ND1 gene
appears to use a valine (TTG) codon, as in the firefly [40] (Table 2). Open reading frames

were terminated with the typical TAA and TAG codons for all genes (Table 2).
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Ribosomal subunits, transfer RNAs, and non-coding regions

Both ribosomal subunit genes are encoded by the S-strand, with the s-rRNA (12S) separated
from the I-rRNA (16S) by trnV V3“2 The genomic position and transcriptional polarity of
the rRNA genes is typical of insect species (Figure 2).

A total of 22 tRNAs corresponding with the standard metazoan gene set were
identified on the basis of their respective anticodons and secondary structures (Table 2). Gene
lengths are largely congruent with other insect species. All tRNAs could be folded into the
canonical cloverleaf structure except for trnS>* ““) which had four nucleotides in the
unpaired loop but lacked the DHU arm. This feature is common among insects and
metazoans generally [41]. The arrangement of the tRNAs differed from the other taxa at
positions known to be variable [42,18]. At the COX2-ATP8 junction, L. pallens presents a
large overlap of 66bp between trnK"* ) and trnD**" @) with an inverted orientiation of
trnK"* ) compared with other insect mitogenomes (Figure 2). At the s-rRNA-ND2
junction, which encompasses the highly variable AT-rich region, a translocation of the
trnN“" @) s evident in the L. pallens and S.invicta in respect to other insect genomes, and it
is also inverted in S. invicta (Figure 2). Finally, the orientation of the trnG®” “““in L. pallens
differs from S. invicta and A. mellifera, but is common in other insect taxa including A.
ephippium or D. melanogaster [42].

Finally, a total of 837 noncoding nucleotides were identified, with 575 bp spread
across 27 intergenic regions and a large contiguous 262 bp noncoding region (Table 2). The
large noncoding region probably represents the putative AT-rich region based on its relative
position between the tRNA”"@Y and tRNAM® [18], and sequence characteristics (A+T-

rich and noncoding).
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Conclusion

The 454 NGS platform has become a commonly used tool for the development of genetic
markers for systematic research [43]. In this study, we successfully isolated 3,207
microsatellite-containing contigs for L. pallens from a total of 49,014 reads covering
approximately 8.8% of the genome. From these contigs, 13 polymorphic microsatellite
markers were successfully characterized. We also used NGS in combination with
bioinformatic tools to assemble and annotate the complete mitochondrial DNA sequence of L.
pallens, only the second ant genus to have its complete mitogenome characterized to date.
These results are consistent with those of Miller et al. [8] in demonstrating that unexplored
bulk data produced by NGS can be easily mined to recover full mitochondrial genomes from
modest 454 analyses (in this case only 1/16" of a 70 x 75 mm Pico Titer Plate). The
‘molecular toolbox’ presented here for L. pallens will be used to assess its population
genetics, social structure and evolutionary history. Such studies will provide a valuable
framework for quantifying the effects of rainforest fragmentation on biodiversity in New

Caledonia.
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Table 1. Primer sequence and characteristics of the 13 microsatellite loci developed for L. pallens, and subsequently amplified in two multiplex
(Mpex) reactions. FAM-, NED-, VIC- and PET- are fluorescent universal tags, and reverse primers were modified with a pigtail 5’ sequence (see
Blacket et al. [29]). Number of individuals (n), number of alleles (Na), observed (Ho) and expected (He) heterozygosities, Hardy-Weinberg
equilibrium P-values (HWE; bold values indicate significant deviations after Bonferroni correction) and inbreeding coefficient (Fs) are indicated.
Successful cross-species amplifications are indicated as follows: a = L. geniculatus (NC); b = L. nigriceps (NC) and ¢ = L. nigriventris (AU)

Pigtail- GGAGGACGTGGGTAATGTGA

Mpex Locus Primer sequence (5°-3”) S]eogﬁtat n Na (Stl)i)(; range Ho/He HWE Fs L\:’lejguzﬂ:]eclis gjt.her ScecrgsBs?cr)]rlf 4
LP1 E@?ﬁﬁfﬁiﬁl}éﬁéﬁé‘ﬁﬂﬁééﬁl&AT (AT)y 41 2 125127  042/051 035 018 0.6 b, ¢ KC190501
LP2 Eg't\g"TE(é%g%%ii%m%% c (CCG)e 41 4  146-161 044045 027 003 -0.01 b, ¢ KC190502

1 LP16 E:g%?g%%&%}%ﬁ%%ﬁ&ﬁG (AG), 41 3  136-140  046/044 1 006 -0.02 b KC190503
P23 L G OBCACAGGAAT CTTAC (AG), 41 4 163175 0540046 069 -0.17 0 abc  KC190504
LP24 'F:'i';gf?.éégﬁgggg;%fﬁ%ﬁ%% (AT)e 41 12 189217 068076 052 011 0.04 b KC190505
LP25 'F}'i';gf?ﬁgggg%ggﬁg@ﬁ:@% (ACG);y 41 3  112-118 0540062 024 014 005 b, ¢ KC190506
LP4 Eg't\giflgﬁggﬁ%gg&i@gﬁgﬁiT (AGC)y 41 4 184211 059063 008 008 0.03 b, ¢ KC190507
LP7 Eg't\g;IT%%CA;%XTTQTACATCGATCAAC;TGA%AGACTACATG (AC)», 41 2 117119  037/033 066 -0.10 -0.03 b KC190508
LP12 ;/iL?;;I.GTTTT?TTCCAT:TGETAATZETAg,I\gAGTATA%%TcG (AT)o 41 6 126-137  056/057 050 002 0.03 b KC190509

2 LP14 ;’IgctaIT%TATng o ggTAg gﬁTCéTC;ngCg C  (AC) 41 9 139160  050/0.77 <001 035 0.3 : KC190510
LP21 Eigg;flgﬁi‘éﬁfgﬁéﬁfggﬁég& (AG), 41 4 186-194  037/038 001 004 001 : KC190511
LP26 Ei';ggﬁggﬁgﬁéﬁgggiﬁlgéég A (AT), 41 3  166-170  0.34/051 <001 033 0.11 abc  KC190512
Lpg7  PET-ACGAGACGAGAGGGACAGAA (AG), 41 3  138-142  039/046 040 015 0.04 b, ¢ KC190513
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Table 2. Mitochondrial gene profile of Leptomyrmex pallens. Parentheses around the
feature position indicate a transcription on the -strand

Position Feature tRNA Codon Codon
Start End cove score  start stop
1 1530 cox1 ATG TAA
1530 1596 trnL beued) 51.17
1596 2309 COX2 ATT TAA
(2394  2463) trnK Ly
2398 2464 trnD AsP(@ec) 45.96
2464 2613 ATP8 ATT TAA
2613 3272 ATP6 ATA TAA
3281 4078 COX3 ATG TAA
4102 4170 trnG €Y 52.57
4167 4517 NAD3 ATA TAA
4528 4594 trnA Alave) 39.70
4599 4666 trnR A'9c0) 27.97
4740 4798 trnS Serew) 21.83
4807 4878 trnE Cluuee) 46.77
(4877 4941) trnF Pre@a) 44.32
(4949 6601) NAD5 ATA TAA
(6603 6675) trnH Hiseuo) 31.36
(6707 8050) NAD4 ATG TAA
(8067 8351) NADA4L ATA TAA
8354 8417 trnT e 49.48
(8433 8504) trnp Proee 44.52
8543 9079 NAD6 ATG TAA
9087 10205  CYTB ATG TAA
10221 10288  trnS e 33.96
(10298  11230) NAD1 TTG  TAG
(11246  11313)  trnL =49 35.77
(11326  12599)  I-rRNA
(12633  12700)  trnVv Vel 45.18
(12675  13448)  s-rRNA
13613 13681  trnNA"@YW 2389
13681 13875 AT-rich region
13944 14010 trnM Met) 49.66
14011 14076 trn e 27.57
(14083  14153)  trnQ ©"9 38.10
14299 15294  NAD2 ATT  TAA
15304 15373  trnw "™ 54.91
(15426  15488)  trnC <Y 39.71
(15497  15562)  trnY '@ 43.00
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Table 3. Genomic composition of the mitochondrial genome of L. pallens and other insects.

a -strand 13 Protein- 2 rRNAs 22 tRNAs AT-rich region
coding genes
Family Subfamily Genus Species Genbank Length A+T Length A+T Length A+T Length A+T Length A+T
accession # (bp) (%)  (bp) (%)  (bp) (%)  (bp) (%)  (bp) (%)
Formicidae Dolichoderinae ~ Leptomyrmex  pallens KC160533 15591 695 11,070 67.2 2,048 70.6 1,419 80.6 195 95.4
Myrmicinae Solenopsis invicta NC_014672 15549 771 11,047 742 2,114 82.1 1,507 853 377 93.1
Vespoidae Eumeninae Abispa ephippium NC_011520 16,953 80.7 11,305 78.7 2,180 819 1,787 835 308 89.9
Apidae Apinae Apis mellifera NC_001566 16,343 849 11,067 833 2,157 835 1,437 87 827 96
Drosophilidae ~ Drosophilinae Drosophila melanogaster ~ NC_001709 19,517 822 11,179 772 2,111 81.9 1,263 77.8 4,601 95.6

“all taxa had 22 tRNA except A. ephippium, which has 26 tRNA
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Fig. 1 Map of the Leptomyrmex pallens mitochondrial genome. COX1-3 indicates

cytochrome c oxidase subunits 1-3; CYTB, cytochrome b; ATP6-8, ATPase subunits
6 and 8; ND1-6/4L, NADH dehydrogenase subunits 1-6/4L. Transfer RNA genes are
designated by single-letter amino acid codes and corresponding anti-codon (Table 2).

Arrow heads indicate direction of transcription
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trnD trof trnP trn trnc, ¥
trnl frnkK trnG  trmA R, S, E trnH trnT trns  trol trny trnN trnfa, | trow
L. ,OGJ’J’C’!JS (COL| |CO2| | |ATPE|ATPE |CO3| IND3 NDS| |ND4 [MDAL| | [ND6 [CYTB| [NDL| [I-rRNA | |srRNA| [AT-rich ND2
trnf trnP troy® trnd trnC ¥
trnl  trnk*, D trnG* trnA R, S trnH trnT trns  trol trnl* trnia, | trn'
S. invicta [COL| [CO2| | |ATPE|ATP6|CO3| |ND3 NDS DA NDAL | | [ND& [CYTE D1| |I-rBNA|srRMA | |AT-rich ND2
trnL® trnF trnP trol® trnQ* trnC ¥
x4 trnk*, D trnG*® trnA R, N* 5, EfrnH trnT trns trny trnb*® trnfd, | trn
A. ephfppfum (CO1| |CO2| | |ATP8|ATPE |CO3| |ND3 DS| [NDA|NDAL| [ [ND6E [CYTE| |ND1|I-rRNA | [s-rRMNA|AT-rich ND2
trnA* trof trnP trnc* v*
traL trnD, K* trnG trni® trnH trnT trns  trol trny trnE®, 5%, M, Q% AL trow?
A. mellifera JCOL[ |CO2| | |ATPE|ATP6({CO3| |ND3 NDS| |ND4 |[ND4L| | [NDE |CYTB| |INDL| |I-rRNA| | s-rRNA [AT-rich ND2
trnf trnP trng nc. ¥
traL trnk*, D trnG* trnA R, N¥, 5, E trnH trnT trns ol oy trnl® trnfa® tronw
D. melanogaster |coi| |coz|| |arps|aTPe|cos| ND3 DS | |ND4|NDAL| | |ND6 |CYTB| [NDL| [I-rRNA| |s-rRNA[AT-rich| | | [ND2

Fig. 2 Comparison of the mitogenomic organization of L. pallens and other insect
taxa. Differences are highlighted by an asterisk. Genes are transcribed by the a-strand,

except those underlined, which are transcribed on the 3-strand
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