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Abstract Thriving populations of invasive species often
decline, but the mechanisms behind such declines are rarely
elucidated. The microbial community living within insects can
have significant impacts on host health and population
dynamics and may be one such mechanism. Here, we use
Ilumina RNAseq and 16S amplicon sequencing to compare
the bacterial communities, and investigate the presence of
viruses, in queens of the invasive yellow crazy ant, Anoplolepis
gracilipes, from populations in various stages of decline or
expansion in Australia. Black queen cell virus and sequences
with homology to the Dicistroviridae family of viruses were
detected in queens from declining ant populations. This is the
first instance of sequences with homology to a virus being
found in A. gracilipes and may indicate a new virus. The
overall bacterial communities were not statistically different
between the population types and a number of potential
mutualists were discovered. Several putative pathogens were
also detected, including Candidatus Rhabdochlamydia, the
entomopathogen Serratia marcescens and the reproductive
parasite Candidatus Cardinium. These taxa are known to
significantly affect host biology in other organisms. Our survey
has identified several candidates that may be responsible for
population declines of this invasive ant, and therefore may
have potential as biological control agents.
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Introduction

Social insects have been shown to suffer from a wide range
of pathogens (Schmid-Hempel 1998; Rose et al. 1999;
Evans and Schwarz 2011). The honey bee, Apis mellifera, is
particularly well studied and may carry many pathogens,
including, but not limited to, bacteria, such as Paenibacillus
larvae (American foulbrood), microsporidia, such as
Nosema, and a number of viruses in the Dicistroviridae and
Iflaviridae tfamilies (Evans and Schwarz 2011). All of these
pathogens have been associated with significant declines of
A. mellifera populations (Evans and Schwarz 2011).
Pathogens can influence the community and population
dynamics of other social insects, including the South
American bumble bee, Bombis dahlbomii (Schmid-Hempel
et al. 2013).

Pathogens, including viruses, are being increasingly
discovered in ants. Three dicistroviruses have been found in
Solenopsis invicta (Valles et al. 2009; Valles 2012). The
first virus, SINV-1, was only recently discovered (Valles
2012) and since then several viruses have also been iden-
tified in the invasive ants Linepithema humile, Nylanderia
pubens and the non-invasive Formica exsecta (Valles 2012;
Johansson et al. 2013; Sébastien et al. 2015). Some of these
viruses may be asymptomatic, at least under normal, non-
stress conditions, but other viruses may be strongly patho-
genic (de Miranda et al. 2010; Porter et al. 2013). It seems
likely that many viruses infect ant species, but before the
advent of next-generation sequencing (NGS) they were
simply too difficult to identify (Valles et al. 2012). NGS
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techniques, such as Roche 454 and Illumina sequencing
have revolutionized metagenomic studies and the discovery
of microbes such as viruses (Caporaso et al. 2012).
Sequencing of the universal 16S rRNA gene in bacteria has
brought new appreciation for the complexity of the bacterial
community within organisms (Bartram et al. 2011). This
technology enables high-throughput, swift, relatively inex-
pensive sequencing for the discovery of microorganisms
and understanding their population dynamics (Johansson
et al. 2013). One such use is the identification of potential
biocontrol agents for invasive pests (Liu et al. 2011; Valles
et al. 2012).

The microbiota of an insect can have both positive and
negative effects on health, reproduction and longevity (Cox-
Foster et al. 2007; Russell et al. 2009; Vasquez et al. 2012).
Mutualistic bacteria play a myriad of roles in host physi-
ology, such as providing essential nutrients that are lacking
in the host’s diet, mediating host thermal tolerance, or
enhancing pathogen and parasitoid resistance (Russell et al.
2009; Feldhaar 2011). For example, beneficial taxa such as
lactic acid bacteria have been implicated in facilitating
positive honey bee health by inhibiting the bacterial brood
pathogen, Paenibacillus larva (Vasquez et al. 2012).

The yellow crazy ant, Anoplolepis gracilipes, is one of
the most widespread, ecologically and economically dam-
aging invasive ant species (Holway et al. 2002). Populations
of this ant were first detected in northeast Arnhem Land in
the Northern Territory of Australia in 1982 (Majer 1984),
though it likely had arrived several decades prior (Young
et al. 2001). Several A. gracilipes populations have been
observed to naturally decline in this region (Gruber et al.
2012; Cooling and Hoffmann 2015) and elsewhere (Haines
et al. 1994). The proximate cause of the declines remains
unclear, but it has been hypothesized that pathogens have
played a role (Gruber 2012; Cooling 2016; Lester and
Gruber 2016). Here, we compare the microbial fauna of A.
gracilipes queens from populations in northeast Arnhem
Land exhibiting either population decline or expansion. We
focused on pathogens in queens because of the vital role
queens play in reproduction and population dynamics of ant
populations. Specifically, we (1) determine pathogen and
mutualist presence in A. gracilipes and (2) test whether
declining and expanding populations differ in their bacterial
and viral communities.

Methods
Population selection
Population selection was determined by two factors: each

population’s history of decline or expansion and A. gra-
cilipes worker abundance in each population at the time of
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sampling (B. Hoffmann, personal observation; Cooling and
Hoffmann 2015). Importantly, populations that displayed
relatively static population abundances over time were not
used in this study. Abundance was determined using a
combination of (1) qualitative visual presence/absence
surveys that were predominantly used to determine the
spatial extent of each population and (2) pitfall traps which
provide a quantified measure of A. gracilipes abundance.
We selected six populations, four where A. gracilipes
was present in various stages of decline without human
intervention (Fig. 1) and two that were expanding. The two
low-abundance populations (L1, L2) were the remainder of
much larger populations that had declined substantially in
the previous 5 years (B. Hoffmann, unpublished data). The
two medium-abundance populations (M1, M2) covered a
much wider area and had higher abundances than the low-
abundance populations. These populations were stable, but
previously belonged to larger populations in which some
decline had been observed (B. Hoffmann, unpublished
data). The two high-abundance populations (H1, H2) were
expanding, covered a large area and had abundances several
orders of magnitude higher than the low- and medium-
abundance populations. Although the M and H population
pairs were very close together, they were considered to be
independent because the maximum foraging range of an A.
gracilipes worker has been estimated to be 100 m (B.
Hoffmann, unpublished data), and these pairs were sepa-
rated by 400 and 450 m, respectively, so there is little
possibility of workers mixing between populations. More-
over, in Arnhem Land, A. gracilipes queens have not been
observed to partake in nuptial flights. Instead, they appear to

Nhulunbu’

Fig. 1 Australia study population locations (squares) and the town of
Nhulunbuy. L low-abundance populations, M medium-abundance
populations, H high-abundance populations. Populations M1 and M2
are 450 m apart and H1 and H2 400 m apart and are distinct
populations
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mate inside their natal nest where they remain or walk a few
metres to form new nests (Hoffmann 2015). Therefore, gene
flow between geographically separated infestations is also
unlikely.

Population surveys

We conducted population surveys to confirm the abundance
categories (H, M & L) upon which we based our population
selection. Surveys were undertaken in late July 2013 and
2014 following the methods of Cooling and Hoffmann
(2015). See Online Resource 1 for details on the surveying
process.

We quantified A. gracilipes abundance in all six popu-
lations using pitfall traps. Traps were placed in four plots in
each population, spaced a minimum of 10 m apart and
placed where A. gracilipes was seen to be present. In each
plot, five pitfall traps (45 mm diameter) were arranged in a
cross 1 m apart. Traps were 2/3 filled with a 1:1 mixture of
ethylene glycol and water and left for 48 h. Anoplolepis
gracilipes abundance in the traps was pooled for each plot
and log transformed to meet the assumptions of normality.
A general linear model (GLM) was used to compare A.
gracilipes abundance among populations and years using
SPSS v 22.0.0.0.

Queen collection

Queens were collected from each population in February
2013 and DNA and RNA were extracted for Illumina
sequencing using Qiagen DNeasy Blood and Tissue, and
RNeasy kit following the manufacturer’s protocol. One
sample was extracted from each population, two per popu-
lation type (L, M, H). Each sample consisted of five queens
from different nests in the population that were pooled
together prior to RNA and DNA extraction. These queens
had been dissected as part of a previous experiment
(Cooling 2016) and were preserved in RNAlater Stabiliza-
tion Solution (AMBION, Inc., Austin, TX, USA) at
—80 °C.

Viral survey

RNA quality was determined by the presence of an 18S
rRNA peak using an Agilent 2100 Bioanalyzer. Barcoded
TruSeq stranded total RNA libraries were sequenced by
New Zealand Genomics Limited (NZGL) over four lanes of
Ilumina HiSeq 2500 [2 X100 bp paired-end (PE)]. The
Ilumina HiSeq sequencing returned just over 65 million
reads (65 080 176), with an average of
10,846,696 + 1,897,369 reads per sample (mean £ SD).
Reads were of high quality as 94.6% had a Phred score of
Q > 30. The RNA sequences were adapter and quality

trimmed at a probability of 0.01 (Phred score of Q20) using
the program FastQC 0.11.3 (Andrews 2015). To reduce the
chance of erroneous sequences overinflating diversity esti-
mates, all reads smaller than 50 bps were discarded, as were
singletons (reads without a pair) with the program Solex-
aQA 3.0 (Cox et al. 2010). Transcriptome de novo assembly
of normalized reads was performed with Trinity v 2.0.6
(Grabherr et al. 2013). The assembly resulted in 837,259
contigs with a mean length of 960 4 24 bp (mean &+ SD).
These contigs were compared against the National Center
for Biotechnology Information (NCBI) nt database down-
loaded from GenBank in November 2015. We used the
BLASTn algorithm with a minimum e value of 0.0001.
Searches were run on the Victoria University Science Fac-
ulty High Performance Computer with a BLAST v 2.2.30
installation (Zhang et al. 2000). Taxonomic assignment of
the BLAST output was performed in MEGAN v. 4.7 (Huson
et al. 2011) using the default settings. This filtering process
resulted in taxonomy assignment to 425,022 contigs.
Assigned viral sequences with a bit score greater than 100
were then extracted and searched with BLASTx against the
nr database with the conservative search parameters of a
minimum e value of 0.0001, Best Hit algorithm overhang
value of 0.25 and Best Hit algorithm score edge value of
0.05 (Camacho et al. 2008). Taxonomy was assigned in
MEGAN using the same conservative threshold as above.

Phylogenetic analyses of the three putative viral
sequences assigned by MEGAN (TR44839, TR80102,
TR17983) were conducted in MEGA v. 6.06 (Tamura et al.
2013). The contigs were aligned with their closest Genbank
matches with ClustalW (Larkin et al. 2007). Maximum-
likelihood trees with 1000 bootstrap replicates were gen-
erated using the Tamura 3-parameter model (the best-fitting
model) for TR44839 (T92; InLL —1126.878) and TR17983
(T92; InL —1398.077), and the Tamura 3-parameter model
with a gamma distribution [T92 4+ G(0.95); InL
—1409.281] for TR80102 (Tamura 2002).

Virus confirmation assay

One-step RT-PCR assays were used to confirm the presence
of viral sequences in queens and workers in two populations
(M2, L2) that had matches to viral sequences. Additional
queens collected in 2015 and workers collected in February
2013 were placed in RNAlater and frozen at —80 °C. The
digestive systems of queens from 2015 were removed prior
to extraction to rule out environmental contamination
(Valles 2012). RNA was extracted using a GENEzol-
chloroform—isopropanol protocol (see Online Resource 1
for the detailed protocol). Worker samples from each pop-
ulation contained approximately 40 individuals pooled from
at least three nests. Queen samples each consisted of five
individuals. We also tested for the following viruses
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commonly found in other ant and Hymenoptera species
(Chantawannakul et al. 2006; Martin et al. 2012; Sébastien
et al. 2015) using one-step RT-PCRs: Deformed wing virus
(DWYV), Acute bee paralysis virus (ABPV), Black queen
cell virus (BQCV), Israeli acute paralysis virus (IAPV),
Kashmir bee virus (KBV) and Linepithema humile virus-1
(LHUV-1). The contig TR44839 was also assessed using
primers designed in the program Amplifix 1.7.0. (see Online
Resource 1 for the viral primers used). Primer design was
not possible for contigs TR80102 and TR17983.

Bacterial survey

DNA quantity and quality were checked using a Nanodrop
and 1% agarose gel (Robertson 2003). PCR amplification of
the V3—V4 hypervariable region of the 16S rRNA gene was
achieved using Nextera adapter primers provided by NZGL
(see Online Resource 1 for the primers used and the PCR
process).

Primers and adapters were trimmed and paired-end reads
joined and error corrected using PANDAseq, v 2.8 (Masella
et al. 2012). Of the total reads, 94.5% were assembled. The
sequence length after primer removal and joining was
418 £ 4bp (mean =+ SD), with an average of
43,668 £ 41,723 reads (mean = SD) per sample. The
remaining 262,009 sequences were further analysed using
the program Quantitative Insights Into Microbial Ecology
(QIIME, v 1.9.0; Caporaso et al. 2012). De novo chimeric
sequences were removed (919 sequences, 0.35% of total
sequences) and reads were clustered into operational taxo-
nomic units (OTUs) at 97% sequence similarity with the de
novo method with QIIME’s implementation of USEARCH,
v 6.1.544 (Edgar 2010). A representative sequence was then
picked for each OTU using the Greengenes 13.8 rep set, and
taxonomy was assigned using Greengenes 13.8 taxonomy
(McDonald et al. 2012). Sequences were aligned against the
Greengenes database using PYNAST, v 1.2.2, and filtered
using the Greengenes lanemask. OTUs representing less
than 0.005% of the total number of sequences were dis-
carded (Bokulich et al. 2013). Before comparative analyses,
sequence libraries from individual populations were rarified
in QIIME to 2767 reads: the size of the smallest library
(population M1) (Fig. 2).

Variation in bacterial genus diversity among samples of
different population types was explored using an Analysis
of similarities (ANOSIM, with 9999 permutations) with a
resemblance matrix derived using the Bray—Curtis similar-
ity index (Clarke 1993). Data were square-root transformed
prior to analysis to decrease the influence of very abundant
species. The contribution of each bacterial genus to differ-
ences among population types was assessed using a
similarity percentage analysis (SIMPER). ANOSIM and
SIMPER were run in Primer-E v 6.1.13 (Clarke and Gorley
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Fig. 2 Alpha rarefaction curves for the six bacterial samples. Red
lines represent low-abundance populations (L1, L2), dark grey lines
represent medium-abundance populations (M1, M2) and black lines
represent high-abundance populations (H1, H2)

2006). QIIME log-likelihood ratio tests, using the Bonfer-
roni procedure to correct for multiple comparisons,
identified which bacterial genera differed between popula-
tion types (Rice 1989).

Results
Population surveys

Anoplolepis gracilipes abundance varied significantly
among the three population types (GLM, F = 87.851,
p < 0.001) (Fig. 3; see Online Resource 2 for the surveyed
population maps), with 96% of individuals in pitfall traps
being from the two high-abundance populations (Fig. 3).
Abundance within pairs of population types did not signif-
icantly differ from each other (see Online Resource 2).
Population L1 did not differ significantly in A. gracilipes
abundance from populations M1 or M2 (Tukey test,
p > 0.05). Nevertheless, as populations M1 and M2 both
had approximately 1300% more presence points than pop-
ulation L1 (i.e. a larger population; see Online Resource 2
for population survey results), we consider our classifica-
tions valid. The abundance of A. gracilipes within
population types did not differ significantly between years
(F = 0.052, p = 0.426).

Viral survey

Our MEGAN analysis assigned 95% of RNA reads as
eukaryote, mostly matching ants (Fig. 4a). Only 0.004% of
the 425,022 total reads had viral sequence similarity. Three
candidate viral sequences were found from two populations,
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Fig. 3 Mean number of A. gracilipes workers &+ SD per plot (n = 4/
population) in each of the two low-abundance, medium-abundance and
high-abundance populations. Anoplolepis gracilipes abundances of
each population are shown for two sampling years (2013 and 2014).
The x-axis has been split to accommodate the measure of A. gracilipes
workers collected from high-abundance populations, whose abun-
dances were two orders of magnitude higher than in other populations

one from the medium-abundance population M2 (TR44839)
and two from the low-abundance population L2 (TR17983,
TR80102). These sequences matched to RNA polymerase
genes, making them suitable for phylogenetic analysis and
taxonomic assignment. The MEGA phylogenetic analysis
grouped all three putative viral sequences with the Di-
cistroviridae family of viruses (Fig. 4b—d).

The contig TR44839 was 220 bp with ten hits and mat-
ched most closely with helicase of Israeli acute paralysis
virus (see Online Resource 2 for the closest matches).
TR17983 was 240 bp and TR80102 282 bp, with nine hits
total and matched most closely with RNA polymerase of
BQCYV and KBV (see Online Resource 2 for more search
results). NGS methods may not always find high numbers of
sequences, even for taxa that are prevalent in ant populations
(e.g. Sébastien et al. 2015), particularly if the virus is in low
titre. Therefore, we decided to investigate these possible
viral sequences further despite their low abundance.

RT-PCR confirmed the presence of sequence TR44839
(using custom-designed primers; see Online Resource 1) in
queens from 2013 and 2015 and workers from 2013 in
populations M2 and L2. However, although BQCV was
found in pooled samples from L1 and M2, using primers
designed by Chantawannakul et al. (2006), the viruses
DWV, ABPV, IAPV, KBV and LHUV-1 were not (using
published primers; see Online Resource 1).

Bacterial survey
The bacterial communities from five A. gracilipes queens

from each of six populations were characterized using Illu-
mina amplicon sequencing (261,039 chimera-checked,

quality controlled sequences; n = 7,707-103,350 per
library). At the genus level, 170 unique OTUs (97%
sequence similarity) were found in the queens (45-119
OTUs per sample; Fig. 5). Of these, 58 OTUs were assigned
to a known genus, and 14 of these genera made up more than
1% of the total sequences in at least one sample. The com-
position of bacterial genera did not differ between the three
population types (ANOSIM, R = —0.056, p = 0.600).

SIMPER analysis showed that 90% of dissimilarity
between high- and low-abundance populations was
attributed to 109 bacterial genera, and 50% of the dis-
similarity was attributed to 23 genera (Online Resource
2). Similar numbers were found for medium- and low-
abundance populations, with 90% of the dissimilarity
accounted for by 91 bacterial genera, and 50% of the
dissimilarity by 27 bacterial genera. Thirteen bacterial
OTUs differed significantly among population types
(Table 1). The pathogen Candidatus Rhabdochlamydia
(Candidatus refers to the fact this taxon has not been
successfully maintained in culture; hereafter Rhab-
dochlamydia) was only present in high-abundance
populations. The entomopathogen Serratia marcescens
and the reproductive parasite Candidatus Cardinium
(hereafter Cardinium) were more commonly found in a
medium-abundance population. The order Rhizobales,
which contains putative nutritional mutualists of ants,
was significantly less common in the low-abundance
populations (Table 1). Arsenophonus and Wolbachia,
which were previously found in A. gracilipes (Sébastien
et al. 2012), were not detected, possibly because the
previous study investigated the microbial community in
A. gracilipes workers, and not queens.

Discussion

Pathogens clearly affect a wide range of social insects and
can dramatically change their population dynamics (Briano
2005; Arif et al. 2011; Cameron et al. 2011). Alternatively,
mutualists may provide protection against some of these
pathogens, as well as providing other benefits (Cox-Foster
et al. 2007; Feldhaar 2011; Vasquez et al. 2012). Given the
diversity, abundance and influence of pathogens and
mutualists on well-studied social insects such as honey bees,
bumble bees and other ant species, we similarly expected to
see a range of pathogenic and mutualistic microbial taxa in
A. gracilipes. Our aims were to investigate (1) pathogen and
mutualist presence in A. gracilipes from Arnhem Land and
(2) examine for evidence that declining and expanding
populations differ in their bacterial and viral communities.
We found that A. gracilipes hosted a multitude of microbes,
including a possible unidentified dicistrovirus and Black
queen cell virus, several potential bacterial mutualists
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a No hits (0.16%)
Viruses (0.004%)\
Other (0.17%)?'
Bacteria (4.71%)
Eukaryota (94.96%)
b gogp—— Solenopsis invicta virus 1 RNA polymerase — United States/S. invicta (GU933022)

57 L cricket paralysis virus polymerase — United States/Drosophila cell line (M21938)
Black queen cell virus RNA polymerase — South Korea/A. mellifera (KP271981)

TR44839 - Australia (Nhulunbuy NT)/A. gracilipes
SOE Israeli acute paralysis virus genome — United States/A. mellifera (EU224279)
Kashmir bee virus RNA polymerase — United States/A. mellifera (AF192404)
Cloudy wing virus RNA polymerase — United States/A. mellifera (AF034543)

Formica exsecta virus genome — Finland/F. exsecta (KF500001)
Solenopsis invicta virus 3 genome — United States/S. invicta (NC_012531.1)

Acute paralysis virus RNA polymerase — Slovenia/A. mellifera (HQ877406)

0.2

Cc Taura syndrome virus genome — United States/Penaeus vannamei (JF966384)
Cricket paralysis virus polymerase — United States/Drosophila cell line (M21938)

Black queen cell virus RNA polymerase — South Korea/A. mellifera (KP271981)
Solenopsis invicta virus 3 RNA polymerase — United States/S. invicta (NC_012531.1)

Solenopsis invicta virus 1 RNA polymerase — United States/S. invicta (GU933022)

Israeli acute paralysis virus genome — United States/A. mellifera (EU224279)
Cloudy wing virus RNA polymerase — United States/A. mellifera (AF034543)

91 TR80102 — Australia (Nhulunbuy NT)/A.gracilipes

66LKashmir bee virus RNA polymerase — United States/A. mellifera (AF192404)

Formica exsecta virus genome — Finland/F. exsecta (KF500001)
Acute paralysis virus RNA polymerase — Slovenia/A. mellifera (HQ877406)

0.2

Kashmir bee virus RNA polymerase — United States/A. mellifera (AF192404)

Cloudy wing virus RNA polymerase — United States/A. mellifera (AF034543)
Israeli acute paralysis virus genome — United States/A. mellifera (EU224279)

Formica exsecta virus genome — Finland/F. exsecta (KF500001)
Solenopsis invicta virus 1 RNA polymerase — United States/S. invicta (GU933022)
Taura syndrome virus genome — United States/Penaeus vannamei (JF966384)

’7 Solenopsis invicta virus 3 RNA polymerase — United States/S. invicta (NC_012531.1)

TR17983 — Australia (Nhulunbuy NT)/A. gracilipes

—53‘— Black queen cell virus RNA polymerase — South Korea/A. mellifera (KP271981)

Cricket paralysis virus polymerase — United States/Drosophila cell line (M21938)
Acute paralysis virus RNA polymerase — Slovenia/A. mellifera (HQ877406)

64

0.2
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<«Fig. 4 aSummary of BLASTn results showing taxonomic assignment
for all samples combined based on a total of 425 022 reads. Maximum-
likelihood phylogenetic trees (1000 bootstrap replicates) showing the
relationship of sequence, b TR44839 from the medium-abundance
population M2 (220 bp), ¢ TR80102 from the low-abundance popu-
lation L2 (240 bp) and d TR17983 (282 bp) from the low-abundance
population L2. The scale shows changes per nucleotide

(Acinetobacter,  Enterococcus, Fructobacillus, Glu-
conobacter, Lactobacillus), pathogens (Rhabdochlamydia,
Serratia marcescens) and a potential reproductive parasite

This is the first study to record the presence of viral
sequences in A. gracilipes. Although we do not know if this
potential virus, or viruses, plays, or play, a role in the observed
population declines of A. gracilipes, viral sequences were
found in one low- and one medium-abundance population,
which is suggestive of pathogen-induced population decline.
More research is needed to characterize the potential novel
virus and establish the prevalence of putative infection.

The three viral sequences aligned to partial genes were
involved in replication (helicase, RNA polymerase).

(Cardinium).

Fig. 5 Relative abundance of
genera for populations at high 100
(H), medium (M) and low

abundance (L) are based on

rarefied abundance. Note the

high levels of variation between
replicates of the same population

types
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60 —

40

Relative abundance of OTU genera
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Population

Genus

Candidatus Solibacter m

Gluconobacter m

Acinetobacter O
Lactobacillus @
Fructobacillus m
Enterococcus O

<1%total@
Unassigned m

Chryseobacterium m

Serratia @ .
. Enterobacteriales
Erwinia m

Candidatus Rhabdochlamydia ® — Chlamydiales
Bombiscardovia O

Order

Solibacterales

Rhodospirillales

Rhodoplanes m
. Rhizobiales
Agrobacterium m

Pseudomonadales

Lactobacillales

Flavobacteriales

Bifidobacteriales
Candidatus Xiphinematobacter O - Chthoniobacterales

Table 1 Thirteen bacterial taxa with significantly different (log-likelihood ratio test) mean number of reads between population types

Phylum Order Genus LR* »° Low-abundance Medium-abundance High-abundance
mean = SE mean = SE mean = SE
Bacteroidetes Cytophagales Cardinium® 16.261 <0.001 12 £ 11.0 45 +£45 0
Flavobacteriales ~ Chryseobacterium  179.818 <0.0001 82.5 &+ 82.5 0 0
Chlamydiae ~ Chlamydiales Rhabdochlamydia®  915.879 <0.0001 0 0 417.5 £ 417.5
Firmicutes Lactobacillales Enterococcus 358.695 <0.0001 0O 0.5+ 0.5 166.5 £ 166.5
Fructobacillus 242.675 <0.0001 10.5 £ 0.5 27.5 £ 275 186.0 £ 102.0
Lactobacillus 93.596 <0.0001 204.5 & 204.5 121 £ 115.0 54.0 + 32.0
Other 1062.613 <0.0001 0 13.0 £ 13.0 527.0 £ 527.0
Proteobacteria Enterobacteriales Serratia 62.163 <0.0001 0.5 £ 0.4 40 £ 40 50£5.0
Pseudomonadales Acinetobacter 496.000 <0.0001 259.0 £ 222.0 0.5 +£0.5 10.5 £ 10.5
Rhodospirillales  Gluconobacter 85.039 <0.0001 35.0 £+ 33.0 61.5 £ 61.5 0
Rhizobales Rhodoplanes 97.256 <0.0001 83.0 + 45.0 260.0 £ 9.5 191.5 £ 455
Neisseriales 791.301 <0.0001 299.0 £ 71.0 588.0 £ 586.0 0
Pasteurellales 734.923 <0.0001 508.5 £ 265.0 398.5 £ 394.5 1.0 £ 1.0
Rickettsiales 1 116.743 <0.0001 99.0 £+ 6.5 51.0 £ 495 254+20

Mean reads are based on rarefied values
# Likelihood ratio from log-likelihood ratio test
® p values have been corrected for multiple comparisons using the Bonferroni procedure

¢ Taxon has not been successfully maintained in culture
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Phylogenetic trees grouped these sequences with the Di-
cistroviridae viral family and most closely to KBV, IAPV
and BQCV. With the exception of BQCV, PCR analysis
with published primers for KBV, IAPV and other common
honey bee pathogens failed to detect these viruses in A.
gracilipes. This result suggests that these sequences repre-
sent a new dicistrovirus or perhaps novel strains of a known
species. Dicistroviruses have been implicated in colony
collapse disorder in A. mellifera (Cox-Foster et al. 2007; de
Miranda et al. 2010), as well as colony decline in S. invicta
(Valles 2012; Porter et al. 2013). Several dicistroviruses
affecting S. invicta are being investigated as candidates for
biocontrol in that species (Valles 2012). Viruses often have
high host specificity and high pathogenicity, making them
ideal biocontrol agents (Arif et al. 2011; Porter et al. 2013).

As we did not test for active replication, we do not know
if these viruses are parasitizing A. gracilipes, or were simply
ingested by the ants from the environment. The latter seems
unlikely as queens from 2015 had the gut dissected prior to
sequencing. It is also unclear what role the viruses play
within the ants. It is possible that these viruses are benign, as
many insect viruses are asymptomatic (Liu et al. 2011; de
Miranda et al. 2010; Valles 2012). In rare cases, viruses may
even be beneficial to insects, such as the densovirus Heli-
coverpa armigera densovirus-1, which appears to enhance
host resistance to a baculovirus, and the bacterium Bacillus
thuringiensis (Xu et al. 2014).

Metagenomic surveys can identify bacteria that make up
the microbiota of the host. But such studies can only spec-
ulate on what effect these bacteria have on host fitness.
However, we can identify bacterial candidates for further
study based on their function in other similar hosts, such as
ants and hymenoptera. Though several potentially patho-
genic and mutualistic bacteria were found, no obvious
patterns in their occurrence suggested that these bacteria
played a role in the observed population declines of A.
gracilipes. However, the absence of a pattern found here
may, in part, be due to low sample size. A potential bacterial
pathogen, Rhabdochlamydia, was found in one of the high-
abundance populations. Other members of the order
Chlamydiales are often pathogenic (Corsaro et al. 2007).
Rhabdochlamydia crassificans is known to be pathogenic in
cockroaches, where it can cause swelling of the abdomen
and infect the ovaries and fat bodies (Corsaro et al. 2007).
No tissue swelling was apparent in the infected A. gracilipes
queens. To the best of our knowledge, this bacterial genus
has never before been isolated in ants, so its effects in ants
are unknown.

We detected the lactic acid bacteria (LAB) genera Lac-
tobacillus, Enterococcus and Fructobacillus in all samples.
Enterococcus and Fructobacillus were both significantly
more prevalent in high-abundance populations, whereas
Lactobacillus was more prevalent in low- and medium-
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abundance populations. These bacteria are mutualistic in A.
mellifera, with Enterococcus and Lactobacillus protecting
their hosts from microbial pathogens (Vasquez et al. 2012).
Fructobacillus may produce by-products that appear to
promote the growth of core members of the gut microbiome
(Rokop et al. 2015). Thus, it appears that all population
types had at least one type of LAB in high prevalence,
making it unlikely that the absence of these mutualists is
responsible for the differing abundances observed among A.
gracilipes populations. However, an interactive effect
between different LAB taxa is possible (Rokop et al. 2015),
so it remains possible that they have an influence on ant
population dynamics.

Sequences with identity to Serratia were found. This
bacterial genus has been isolated from the guts of the ants
Camponotus japonica and Formica cinerea, which possibly
acquired the bacteria from feeding on honeydew excreted
from aphids (He et al. 2011; Sirvio and Pamilo 2010).
Anoplolepis gracilipes are also known to feed on honeydew
(Holway et al. 2002; Lach and Hoffmann 2011) and could
possibly have acquired this bacterial taxon that way. Ser-
ratia marcescens is also known to be pathogenic in a suite of
insects, including A. mellifera (Lauzon et al. 2003 and ref-
erences therein). We also detected Gluconobacter at high
prevalence in all populations. Gluconobacter is another
potential mutualist in Hymenoptera with high sugar diets
(Crotti et al. 2010).

Cardinium 1is a reproductive parasite in arthropods
(Hunter et al. 2003) and has also been found in at least one
other species of ant, Formica cinera (Sirvio and Pamilo
2010). Cardinium seems to be uncommon in ants (Russell
et al. 2012; Zchori-Fein and Perlman 2004), unlike other
reproductive parasites such as Wolbachia, which have been
found in one-third of ant species examined (Russell 2012)
including A. gracilipes (Sébastien et al. 2012; Gruber 2012).
Like Wolbachia, any fitness impact that Cardinium has on
its ant hosts is yet to be demonstrated (Russell 2012; Sirvio
and Pamilo 2010).

The detected microbe, Acinetobacter, has been reported
in many insect groups, including ants and other Hyme-
noptera (Ishak et al. 201 1a; Paulson et al. 2014; Singh et al.
2012), as well as A. gracilipes (Gruber 2012). The roles
Acinetobacter plays in most of these groups are not known.
One previous study found no evidence for its influence on
fitness parameters in a female wasp (Srinatha et al. 2015).

We examined the microbiome of queens from a single
point in time, but other potential pathogens or mutualists
may be found by examining other castes besides queens,
such as the workers or brood (Ishak et al. 2011b; Gruber
2012). Likewise, the presence of specific pathogens can
vary throughout the year, likely due to differences in tem-
perature and/or rainfall. For example, SINV-1 has been
found to be much more prevalent in spring and summer than
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at other times of the year (Valles et al. 2010). It is suspected
that this difference is due to the inability of SINV-1 to
replicate at cooler temperatures. Arnhem Land has consis-
tently high temperatures throughout the year, so low
temperatures may not influence their microbial dynamics.
However, Arnhem Land has a distinct wet season with most
rain falling between December and July (Lach and Hoff-
mann 2011). Rainfall may also change pathogen prevalence.
Briano (2005) found a significant correlation between
infection of Solenopsis fire ants with the microsporidian
Kneallhazia solenopsae and rainfall.

Our study has identified several bacterial candidates for
further study as mutualists or pathogens as well as a
potentially novel virus. Viruses and bacteria have been
successfully utilized for biocontrol programmes. For
example, a Gammabaculovirus was introduced from Europe
to North America where it effectively controls the invasive
spruce sawfly, Diprion hercyniae (Arif et al. 2011; Szewc-
zyk et al. 2006). Likewise, the bacterium Bacillus
thuringiensis is the most commonly utilized microbe
worldwide for the control of agricultural pests (Cannon
1993). The viability of the virus, SINV-3, as a biocontrol
agent of the invasive ant, S. invicta, is currently being
investigated (Valles 2012; Valles and Porter 2015); it has
been successfully released into S. invicta colonies in Florida
and California (Valles and Oi 2014). Though it is too early
to say if the potential viruses found in A. gracilipes play a
role in the observed population declines, such viruses may
be promising biocontrol candidates.
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