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Abstract

Eretmoptera murphyi Schaeffer 1914 is a flightless chironomid midge endemic to South Georgia in the sub-Antarctic.
In the 1960s it was accidentally introduced to Signy Island (in the more extreme maritime Antarctic), where it is now
considered an invasive species. Detritivorous E. murphyi larvae can increase soil nitrogen levels by up to five times com-
pared with similar uncolonized substrates, although the mechanisms involved remain unknown. This study conducted the
first larval microbiome characterisation of E. murphyi, with the aim of identifying groups of microorganisms that may
contribute to the elevated nutrient availability associated with this species. We also compare the E. murphyi microbiome
with information available for other Antarctic invertebrates. Dominant archaea and bacteria included Crenarchaeota, Acti-
nobacteriota, Chloroflexi, Proteobacteria and Planctomycetota, many of which have known roles in nutrient cycling. The
microbiome of E. murphyi appears more diverse than that of other Antarctic invertebrates studied to date and includes
phyla (Chlorofiexi and Mycococcota) not previously reported from Signy Island soils or other Antarctic terrestrial inver-
tebrate species. Further research is needed to establish which of these taxa represent true endosymbionts and to confirm
their functional roles. The impact of non-native species microbiomes on nutrient cycling has important implications for
polar terrestrial ecosystems, as significant changes in nutrient availability could impact native microarthropod and plant
communities, as well as open new pathways for future non-native species establishment.
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Introduction

The diversity and ecological success of insects is partly due
to their associated microbiomes [1-3]. These communi-
ties of bacteria, archaea, fungi, protozoa and viruses influ-
ence many aspects of host biology [4], facilitated by long
co-evolutionary relationships [5, 6]. Bacteria are the most
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abundant and diverse microorganisms present in the micro-
biome [4]. Mutualistic species can boost energy metabolism
and play essential roles in nutrient acquisition [7], as well as
in the host immune system [8], developmental processes [9]
and fecundity [2]. Microbiome composition changes sea-
sonally in some insects [10] and can contribute to winter/
cold adaptation [11]. Studies of the relationships of archaea
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with their hosts are currently under-represented in the lit-
erature, primarily because this domain represents a smaller
proportion of the microbiome compared to other groups
[12]. Nonetheless, archaea can also play an important role
in insect metabolism, such as in the fruit fly, Anastrepha
obliqua, with communities changing across developmental
stages and depending on diet [13]. Methanogenic archaca
are important to digestion in detritus-feeding insects includ-
ing beetles and termites [5]. Furthermore, as with gut bac-
teria, archaea can provide their insect hosts with additional
nitrogen [5, 14], contributing to nitrogen cycling processes
such as nitrogen fixation [15-17] and nitrogenous waste
recycling [18].

Investigating the microbiome of insects that inhabit typi-
cally nutrient-poor polar terrestrial ecosystems may provide
unique insights into how these species establish and persist
in these environments. Maistrenko et al. [19] character-
ised the gut microbiome of the Antarctic continent’s only
endemic insect, Belgica antarctica Jacobs 1900 (Diptera:
Chironomidae), noting a surprisingly limited overall diver-
sity compared to temperate species. However, this study
did not consider the nutrient cycling roles of any of the
microorganisms identified. A closely related chironomid,
Eretmoptera murphyi Schaeffer 1914 [20] (Diptera: Chiron-
omidae; Fig. 1), is endemic to sub-Antarctic South Geor-
gia and molecular phylogenetic analyses suggest that it is
a sister species of B. antarctica, albeit with a multimillion-
year evolutionary separation [21]. A recent study noted the
absence of the bacterium Wolbachia in E. murphyi [22], as
is the case in all Antarctic invertebrate microbiomes studied
to date [23] but did not examine this species’ microbiome
further.

Eretmoptera murphyi is now an established and invasive
non-native species on Signy Island (South Orkney Islands,
maritime Antarctic), where it was accidentally introduced
most likely in the 1960s [24]. The fly’s larvae (Fig. 1) are
detritivorous [25, 26] and their presence is associated with
up to a fivefold increase in available soil nitrate compared
with sites where only native invertebrates occur [27]. More
recent data from our group indicates that concentrations of

Fig. 1 Eretmoptera murphyi
Schaeffer 1914 [20] (Diptera:
Chironomidae) adult (left) and
larvae (right). Images: British
Antarctic Survey

@ Springer

nitrate may be increased by an order of magnitude higher
than these previous reports (Brayley et al., unpublished).
Thus, while nutrient enrichment by soil fauna is a well-doc-
umented ecological process [28], native invertebrate detriti-
vores (such as collembola and mites) are clearly not having
the same impact on nutrient cycling as E. murphyi, partic-
ularly as the biomass of E. murphyi larvae can be greater
than the entire native microarthropod and microinvertebrate
community combined [26]. Given the usually nutrient-poor
terrestrial Antarctic environment [29], this may have dispro-
portionately large consequences on native microarthropod
and plant communities and may also facilitate establishment
of further non-native species [27, 30]. The spread of E. mur-
phyi across Signy Island is associated with human footpaths
[30] and recent observations have suggested that the insect
appears to be locally increasing its range on the island (P.
Convey, pers. obs.). It has been predicted that E. murphyi
could increase litter turnover by up to 66.51 g dry mass m >
y~ ! [26], but it remains unclear whether the microbiome of
E. murphyi could be facilitating an increase in soil nutrients.

The aims of this metagenomic study were to (1) conduct
the first microbiome characterisation of E. murphyi, (2) sug-
gest which groups of microorganisms present in the micro-
biome may contribute to the elevated nutrient availability
associated with this species on Signy Island, and (3) com-
pare the E. murphyi microbiome with information avail-
able for other Antarctic terrestrial invertebrates. In addition,
given how little is known about Antarctic insect microbi-
omes, this study enhances understanding of the potential
ecological roles of Antarctic invertebrates and contributes
data to the region’s under-represented microbial reference
databases.

Methods
Sample Collection

Larvae of E. murphyi were collected on Signy Island
(South Orkney Islands, maritime Antarctic) during the




The Microbiome of an Invasive Antarctic insect, Eretmoptera Murphyi (Diptera: Chironomidae), and its Potential...

Page3of12 66

austral summer in February 2023. They were obtained from
the ‘Backslope’ (unofficial name; 60°42.6'S, 45°35.6'W
[31]) adjacent to the British Antarctic Survey’s Signy Sta-
tion on Berntsen Point, where the species is now patchily
abundant [30]. The flora of the island, and specifically the
study location, is dominated by cryptogams and extensive
moss banks and carpets [27, 32], the soil is highly organic
(mean soil organic carbon of 0.37 mg kg~ ' (Brayley et al.
unpublished)), and has a mean pH of 4.54 [33, 34]. Larvae
were kept in a container under field conditions on Signy
Island before being rinsed and then stored in 96% ethanol
at -80 °C during their return to the UK by ship. Samples
were maintained at -80 °C at the University of Birming-
ham until analysis at the University of Warwick in April
2024. Seven larvae of the same size and developmental
stage (L3 instar) were selected for metagenomic analysis
to avoid introducing any differences associated with devel-
opmental stage [35, 36]. All larvae were checked to ensure
absence of visible substrate on their cuticles before DNA
extraction.

Microbial DNA Extraction and Sequencing

Total DNA was extracted from each individual larva sepa-
rately using the DNeasy PowerSoil Pro Kit (QIAGEN).
Larvae were first manually fragmented with a steril-
ised pipette tip in solution C1 before the other extraction
steps were carried out following the manufacturer’s pro-
tocol. Extracted DNA was quantified using a NanoDrop
ND-2000 (Wilmington) and then used as a template for
PCR amplification. Universal primers were used to target
and amplify the bacterial V4 region of the 16 S rRNA, 515
F (5-GTGCCAGCMGCCGCGGTAA-3") and 806R (5'-
GGACTACHVGGGTWTCTAAT-3") [37]. Customised
primers were also used to target and amplify the archaeal
V4 region, 519 F (5'-CAGYMGCCRCGGKAAHACC-3")
and 806R (5'-GGACTACNSGGGTMTCTAAT-3") [38].
Other PCR components were prepared using the NEBiolabs
Q5 PCR kit following the manufacturer’s protocol. Two
separate PCR reactions were carried out for each extraction,
with 28 cycles for bacterial DNA and 32 cycles for archaeal
(95 °C for 30 s, 53 °C for 30 s), with a final extension step
at 72 °C for 30 s. The target region of ~ 300 bp was obtained
by gel electrophoresis, followed by extraction and purifi-
cation using the QIAquick Gel Extraction Kit (QIAGEN)
following the manufacturer’s protocol. The concentration
of recovered DNA was again quantified using a NanoDrop
ND-2000 and the five samples with the highest concen-
trations of archaeal and bacterial DNA were selected for
sequencing. Library preparation and sequencing were car-
ried out commercially on an Illumina PE250 platform by
Novogene (UK).

Sequencing Analyses

The DADA2 pipeline (V1.32.0) [39] was used for quality
trimming, error rate estimation, merging, chimera removal
and amplicon sequence variant (ASV) feature table con-
struction. A total of 333,809 bacterial and 355,215 archaeal
reads were obtained. Primer sequences were removed from
the 5’ region of forward and reverse reads (19 bp and 20 bp,
respectively) and reads were truncated at the first instance
of a quality score < 10. Following dereplication, merg-
ing and chimera removal, 69.7-73.1% bacterial reads and
61.9-78.4% archaeal reads were retained for further analy-
sis. Taxonomy was assigned to genus level using the SILVA
138.1 prokaryotic SSU taxonomic training data, formatted
for DADA2 and Zenodo [40]. ASVs classified as chloro-
plast, mitochondria or archaea were removed from the bac-
terial sequence dataset, and those classified as chloroplast,
mitochondria or bacteria were removed from the archaeal
dataset. To remove sequences potentially arising from the
host insect species, a local BLAST search was performed
against the assembled genome of the closely related Antarc-
tic chironomid B. antarctica [41] using rBLAST, as genomic
sequence data are not available for E. murphyi. ASVs with
> 90% sequence similarity across 90% of the query length
were removed [42]. The bacterial and archaeal datasets were
rarefied to depths of 42,723 and 31,182, respectively, using
the rrarefy function from the R package vegan v 2.6-6.1,
with default settings [43]. ASVs that represented > 1% of
the total abundance in either of the sequence datasets were
classed as ‘dominant’ (for both bacteria and archaea). The
most abundant bacterial ASVs at different taxonomic levels
were defined as those with abundance in at least one indi-
vidual (sample) of > 10% for phylum, > 6% for class, >25%
for order, > 10% for family and > 5% for genus. The most
abundant archaea were defined as those with abundance
of > 84% across all ranks. These thresholds were chosen
based on the distribution of relative abundances across the
individuals and to reflect the taxa that contributed consider-
ably to the composition in at least one individual, avoiding
including groups that were consistently found in low abun-
dances or with sporadic representation.

Statistical Analyses

Statistical analyses were carried out using RStudio, ver-
sion 2024.09.1 + 394. Alpha-diversity indices (Chaol
richness, Shannon diversity) were calculated using the
estimate_richness function in the phyloseq package [44] to
quantify within-sample microbial richness and evenness.
Beta-diversity measures were calculated using the phyloseq
package with a Bray-Curtis distance metric [Supplementary
Information (S1, S2)]. Differences in microbial community

@ Springer



66 Page 4 of 12

0. D. M. Brayley et al.

composition among the five larval samples were assessed
using permutational multivariate analysis of variance (PER-
MANOVA; adonis2 function, vegan package), with ‘sam-
ple’ as the grouping variable. Associated statistics were
calculated using PERMANOVA [45] with 999 permutations
to obtain p-values, using the vegan function. The R? value
was used to estimate the proportion of variation between
larvae.

Results
Alpha Diversity

Across the five individual larvae analysed, the alpha diver-
sity of the bacterial community was similar, with only
minor variation in both richness (Chaol index) and diver-
sity (Shannon index) across individuals [Supplementary
Information (S3)]. Alpha diversity of the archaeal commu-
nities showed slightly greater variation among individual E.
murphyi larvae compared with the bacterial dataset. Chaol
richness values varied by approximately twofold across
samples, whereas Shannon diversity indices showed only
minor variation.

Beta Diversity

Despite the differences in alpha diversity, there were no
significant differences between the beta diversity (Bray-
Curtis dissimilarity) of the bacterial (R*=0.37, p=0.125) or
archaeal samples (R>=0.18, p=0.525).

Bacterial ASV Diversity

A total of 2013 bacterial ASVs were assigned. Of these,
1971 were classified to at least phylum level. A mean of 677
(range: 480—752) unique ASVs were detected in each indi-
vidual larva. Bacteria therefore represented 97.4% of the
total assigned microbiome. Representatives of 24 bacterial
phyla were assigned. The most abundant phyla were Actino-
bacteriota, Chloroflexi, Planctomycetota and Proteobacteria
(Fig. 2A). Ofthe 46 classes detected, the most abundant were
Acidimicrobia, Actinobacteria, AD3, Alphaproteobacte-
ria, Planctomycetes, Ktedonobacteria and Thermoleophilia
(Fig. 2B). The most abundant of the 113 orders detected
were Frankiales, Micrococcales, Rickettsiales and Soliru-
brobacterales (Fig. 2C). The most abundant families (148
detected) were Rickettsiaceae and Solirubrobacteraceae
(Fig. 2D). Of the 200 genera assigned, the most abundant
were Acidothermus, Conexibacter, Humibacillus, Jatroph-
ihabitans, Nakamurella and Rickettsia (Fig. 2E). Only
five ASVs were assigned to species, Tomitella biformata,

@ Springer

Methylocella palustris, Nakamurella panacisegeti, Faecali-
bacterium prausnitzii and Clostridium putrefaciens.

Archaeal ASV Diversity

A total of 47 ASVs were assigned using archaeal primers.
Of these, 29 were assigned to archaea and classified to at
least phylum level. Four ASVs were assigned to Eukaryota
and the remaining 14 ASVs were not classified; these were
not included in the subsequent analyses. A mean of 18
(range: 13-29) unique archaeal ASVs were obtained from
the five individual larvae. Archaea comprised 2.6% of the
total ASVs recovered. The phylum Crenarchaeota domi-
nated the assigned sequences [Supplementary Information
(S4)]. Representatives of the single class Nitrososphaeria
were detected and all but one ASVs represented the order
Nitrososphaerales (the exception was assigned to the Group
1.1c order), family Nitrososphaeraceae and genus Candida-
tus Nitrocosmicus. No ASVs were classified to species level.

Discussion

Neither the overall microbial community composition (beta
diversity) nor the relative abundance of archaeal and bacterial
phyla differed significantly between the five individual larvae.
This could be attributed to all samples being the same devel-
opmental life stage (L3 larvae) [35], as well as being sourced
from the same habitat and soil type on Signy Island. These
similarities suggest the presence of a small but consistent core
microbiome across sampled individuals. It is not possible to
confirm which of the archaea and bacteria assigned are true
endosymbionts or commensal microorganisms of E. murphyi,
because whole body DNA extractions may have detected
microbial DNA on the external surface of larvae. However,
below, we highlight if phyla have been reported previously
in Signy Island soil samples and, where they have not, this
provides additional support for an endosymbiont designation.
Furthermore, some identified samples, such as the bacterial
order Rickettsiales (phylum Proteobacteria, class Alphapro-
teobacteria), are known to be obligate intracellular organisms
within eukaryotic cells [46]. In addition, one of the few bacte-
rial ASVs assigned to species level, Faecalibacterium praus-
nitzii, is common in gut microbiomes [47].

Bartlett et al. [27] measured up to a 5 -fold increase in
soil nitrogen, particularly nitrate, where E. murphyi larvae
have established on Signy Island. More recently, we quanti-
fied nutrient concentrations in E. murphyi-infested soils and
found that, in some locations, nitrate concentrations reached
levels 24 to 39-fold higher than in uncolonised soils, (Bray-
ley et al., unpublished). To account for this increase in
total inorganic nitrogen, we sought to identify candidate
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Fig. 2 Stacked bar plots showing
relative abundances (as percent-
age of sequences obtained) of the
dominant (>1%) bacterial phyla
(A), classes (B), orders (C), fami-
lies (D) and genera (E) detected
in each individual E. murphyi
larva (sample)
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microorganisms within the microbiome of E. murphyi that
are involved in nitrogen cycling (Fig. 3). Specifically, those
capable of nitrogen fixation, whereby atmospheric nitrogen
is reduced to ammonia or ammonium ions. Also, groups of
microorganisms were identified that are capable of ammo-
nia oxidation, which is a limiting step during nitrification in
the nitrogen cycle where ammonia is oxidised to nitrite [48].
Subsequent oxidation of nitrite to nitrate by other microor-
ganisms is then required to release bioavailable nitrogen to
plants and microarthropods [49]. This forms a foundation
for future work to target these groups using functional or
gene-level analyses.

Bacteria

The most abundant bacterial phyla in the E. murphyi micro-
biome were Actinobacteriota, Chloroflexi, Proteobacteria

and Planctomycetota. One of these phyla, Chlorofiexi,
appears to be unique to E. murphyi when compared against
other Antarctic invertebrate microbiomes (Fig. 4). Two
less abundant phyla, Myxococcota and Acidibacteriia, also
appear unique to E. murphyi (Fig. 4). Importantly, the col-
lembolan, Cryptopygus antarcticus, and oribatid mite,
Alaskozetes antarcticus, are dominant native terrestrial
invertebrate species on Signy Island (and more widely in the
Maritime Antarctic [51, 52] and are likely to have been pres-
ent at many of the ‘control’ soil sample sites where Bartlett
et al. [27] reported low nitrogen levels. Thus, any phyla
absent from the microbiome of these two invertebrates, but
present in E. murphyi, represent potential candidates to help
explain increased nutrient availability associated with the
non-native midge. Furthermore, Chong et al. [53] make no
mention of Chloroflexi, or Myxococcota in their detailed
study of spatial heterogeneity in the biodiversity of soil

@ Springer
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prokaryotes on Signy Island, which included collection sites
where E. murphyi is known to occur. Acidibacteria have
been reported in Signy Island soil [53, 54], while Yergeau
et al. [55] report Chloroflexi in some of their soil samples
from Signy Island. However, the latter study found them to
be very low abundance, and the precise site of collection
was not given. Thus, there is strongly suggestive evidence
that many of the bacteria representing these phyla are more
likely to have been E. murphyi endosymbionts rather than
on its cuticle/contaminants from the soil.

Chlorofilexi are functionally diverse, including chemo-
autotrophs, photoautotrophs and thermophiles [59]. While
our understanding of Chloroflexi diversity, ecophysiology
and metabolic functioning remains poor, there are several
reported examples of nitrifying Chloroflexi [60-62]. Acido-
bacteria appear to be equipped with genes catalysing the
metabolism of inorganic and organic sources of nitrogen,
although clear experimental evidence of nitrogen fixation
is lacking [63]. Investigations into the metabolic functions
of Myxococcota suggest these bacteria are more commonly
involved in denitrification [64]. However, a recent study
of nitrogen cycling in coastal Antarctic systems identified
several functional genes within metagenome-assembled
genomes (MAGs) indicating that N, fixation appears to be
carried out by taxa within both Acidobacteriota and Myxo-
coccota [65]. Planctomycetota was found at very low levels
in the microbiome of 4. antarcticus [56], is absent from C.
antarcticus [57] and was not identified from soil at sites
where E. murphyi is known to occur [53, 54]. This order
has well-known roles in nitrogen cycling [66], particularly
ammonia oxidation [65]. Notably, one of the dominant
classes identified from E. murphyi samples was Plancto-
mycetes (Fig. 2B), which is thought to have an important
role in anammox pathways in Antarctic dry valley soil sys-
tems [67].

Actinobacteriota were abundant in the E. murphyi micro-
biome, but are also found in the microbiome of all other Ant-
arctic invertebrates studied to date (Fig. 4). Representatives
of this phylum are known to be highly tolerant of desicca-
tion and other stresses [68] and can also play an important
role in the carbon cycle, assisting with the decomposition
of organic material and facilitating carbon sequestration in
plants [69]. Within the abundant bacterial classes (Fig. 2B),
Acidimicrobia (phylum Actinobacteria), are generally asso-
ciated with low soil pH conditions (3.0-6.5) [ 70], consistent
with the low pH of Signy Island soil. They play an impor-
tant role in the carbon cycle, possessing genes associated
with the breakdown of organic molecules such as carbohy-
drates (e.g., cellulose) and nitrogen-containing compounds
(forming bacterial cellulose), and are significant decompos-
ers within the soil community [63]. They may provide nutri-
tion to E. murphyi by facilitating decomposition, as well as

potentially conferring desiccation resistance through the
formation of intestinal biofilms [71]. Studies of the genes
associated with Ktendonobacteria (phylum Chloroflexi)
have suggested that members of this class can carry out
autotrophic carbon fixation [72, 73]. Such activity could
reduce E. murphyi’s dependence on organic material as its
primary carbon source [74]. Members of the family Soliru-
brobacteraceae (phylum Actinobacteriota, class Thermoleo-
philia) have been detected in desert environments exposed
to high UV radiation, where they increase nitrogen avail-
ability and absorption [75], again potentially contributing to
E. murphyi nutrient uptake.

Archaea

The most abundant archaea, Crenarchaeota (also known as
the Thaumarchaeota) [76, 77], are associated with sulphur-
dependent thermophiles [78] and are generally found in
high- or low-temperature environments [79]. Members of
Crenarchaeota are known to perform ammonia oxidation
[79-81] (Fig. 3). This process may be facilitated by the
most abundant archaeal class identified in the microbiome
here, Nitrosophaeria, whose members are typically found
in nitrogen-limited and low pH soils, such as those occur-
ring on Signy Island, as well as the McMurdo Dry Valleys
[82]. Crenarchaeota have been reported in the guts of detri-
tivorous insects, including termites (Cubitermes orthogna-
thus) [83] and beetles (Oryctes nasicornis and Amphimallon
solstitiale) [12]. This, combined with the particularly high
abundance of Crenarchaeota found here, suggests that
ammonia oxidation may contribute to the survival of E.
murphyi larvae by allowing them to utilise the released
nutrients for their growth. This may be a particularly impor-
tant adaptation supporting the presence of the fly on Signy
Island where, like much of Antarctica, nutrients (particu-
larly nitrogen-containing compounds) are generally limited
[84, 85]. Crenarchaeota have previously been reported from
Signy Island (although not from soil), contributing 77% of
the total sequences obtained from cryoconite holes [86].
Elsewhere in Antarctica, this phylum represented 80% of
all archaeal sequences in soil from the McMurdo Dry Val-
leys [80, 87]. Such observations suggest that there may be a
strong link between the archacal microbiome of E. murphyi
and that of the local environment.

Comparison of E. murphyi microbiome with other
Antarctic invertebrates

Maistrenko et al. [19] provide the only available data on
the bacterial community associated with an insect endemic
to the Antarctic continent, B. antarctica. This study com-
bined data from both adults and larvae but only reported
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the presence of five bacterial phyla. In contrast, our E. mur-
phyi (larvae only) dataset recovered 24 bacterial phyla (Fig.
2A), which is comparable to temperate chironomids such
as Chironomus ramosus in India (22 phyla) [88] and C.
transvaalensis in Israel (20 phyla) [35]. Four of the bacte-
rial phyla identified in B. antarctica were shared with E.
murphyi - Actinobacteria, Bacterioidetes, Firmicutes and
Proteobacteria. The fifth, Fusobacteria, was not detected in
the current study. Both insect species share representatives
of two assigned genera, Humibacillus and Pseudomonas,
although only two ASVs were assigned to these taxa here.
Other genera assigned in B. antarctica but not detected in E.
murphyi were Arthrobacter, Cutibacterium, Porphyromo-
nas, Lactococcus, Pelmonas, Janthinobacterium, Neisseria,
Escherichia, Serratia and Yersinia.

This comparison suggests that the bacterial communities
associated with these two sister but biogeographically iso-
lated insect species from the Antarctic region [21] are very
different and unique. Maistrenko et al. utilised existing and
archival whole-genome sequencing data to identify bacte-
rial species associated with B. antarctica, which likely only
gave a very limited characterisation as this is not a targeted
approach. Further studies are also required to disentangle
potential changes in each species microbiome across differ-
ent developmental stages. As both species are detritivores
[24, 89], it is likely that their gut microbial communities
will reflect the substrate upon which they feed. Thus, some
of the differences in microbial diversity found may be due
to differences in the soil properties and associated micro-
bial communities between the distinct geographical loca-
tions from which they originate. B. antarctica is endemic
to the South Shetland Islands and western coastal regions
of the Antarctic Peninsula, while E. murphyi is endemic to
sub-Antarctic South Georgia with an introduced population
on maritime Antarctic Signy Island [90, 91]. Interestingly,
Yergeau et al. [55] reported several of the bacterial phyla
unique to E. murphyi, Chloroflexi and Planctomycetota, in
soil samples from South Georgia, so it is possible they were
introduced to Signy Island with the non-native midge, given
their absence from other Signy Island soil studies [53-55].
The highest densities of B. antarctica larvae are found in
moss [92]; by contrast, E. murphyi on Signy Island favours
dead organic matter and soil/peat substrata [30]. There
may also be differences in the morphology of the gut [5]
between the two species, although detailed gut description
is currently only available for B. antarctica [89] and there
are currently no studies that have examined the role of its
microbiome in digestion or nutrient acquisition.

Leo et al. [57] employed metagenomic sequencing to
investigate the bacterial microbiomes of four Antarctic spring-
tail species, C. antarcticus (Collembola: Isotomidae) from
the South Shetland Islands (maritime Antarctic), Friesea
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antarctica (Collembola: Neanuridae) from the South Shetland
Islands and Lagoon Island (Marguerite Bay) and C. ferrano-
vus (Collembola: Isotomidae) and F propria (Collembola:
Neanuridae) from continental Antarctica (North Victoria
Land). Only C. antarcticus occurs on Signy Island. Of the
six most abundant phyla identified, all but Fusobacteria were
shared with E. murphyi, and of the most abundant bacterial
orders, only Corynebacteriales and Rhizobiales were shared
with E. murphyi. As with B. antarctica, these springtail species
had lower diversity bacterial microbiomes than E. murphyi.

Holmes et al. [56] characterised the bacterial microbiome
of the Antarctic oribatid mite, Alaskozetes antarcticus (Orib-
atida: Trhypochthoniidae), from Cormorant Island, south of
Anvers Island off the western Antarctic Peninsula. This spe-
cies also dominates the invertebrate biodiversity in several
habitats on Signy Island [93]. The dominant bacterial phyla
detected in the mites (males, females and tritonymphs) were
Actinobacteriota, Bacteroidetes, Deinococci, Patescibacte-
ria, Planctomycetota, Proteobacteria, Saccharibacteria and
Verrucomicrobiota, which are all shared with E. murphyi
apart from Deinococci, Patescibacteria and Saccharibacteria
(Fig. 4). Only two abundant genera are shared between the
species, Mycobacterium and Nakamurella.

Finally, Vecchi et al. [58] assessed the bacterial micro-
biome of the Antarctic tardigrade, Acutuncus antarcticus
(Parachela: Hypsibiidae), from Victoria Land (continental
Antarctica). This, again, suggested many similarities with
E. murphyi in terms of the shared phyla, Actinobacteria,
Bacteroidetes, Proteobacteria and Verrucomicrobia, with
only Gemmatimonadetes not found in our study (Fig. 4).
There are no shared genera between the tardigrade and E.
murphyi. Overall, the relatively diverse microbiome of E.
murphyi differs from other Antarctic invertebrates examined
to date, although the possible influence of methodological
differences cannot be discounted. Finally, not all previous
studies have characterised microorganisms to genus level,
and those that have all utilise different threshold levels and
pipelines, so in-depth comparisons remain difficult.

Future Work

To test hypotheses on whether E. murphyi’s microbiome has
facilitated its success as an invader on Signy Island, future
research must address which archaea and bacteria are true
endosymbionts of E. murphyi. This could be achieved by
using bleach to remove external microorganisms [94] or
dissecting the digestive tract and isolating the associated
microorganisms [95]. Analysis of microbial community dif-
ferences between larval stages and the non-feeding adults
would also contribute. Access to fresh material from the
species’ native South Georgia, where the fly is increasingly
hard to find within areas recently colonised by non-native
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and aggressive predatory beetles [96, 97], would also allow
assessment of the extent to which the fly’s microbiome has
altered in the c. 60 years since its introduction to Signy
Island. Although amplicon sequencing is a powerful tool, it
should be noted that this methodology does not confirm the
activity of microorganisms, nor does it differentiate between
expressed and non-expressed genes [98]. To resolve this,
a combination of ‘omics’ technologies could be applied,
including metatranscriptomics, to assess the activity of the
microbiome community [75], their associated functions in
insect nutrition [99] and, potentially, the wider environment.

Conclusions

We provide the first characterisation of the archaeal and bac-
terial microbiomes associated with E. murphyi, and invasive
non-native insect on Signy Island, maritime Antarctic. The
most abundant archaeal and bacterial phyla were Crenar-
chaeota, Actinobacteriota, Chloroflexi, Proteobacteria and
Planctomycetota. Chloroflexi appears to be unique to E. mur-
phyi, compared to the microbiomes of native invertebrates on
the island, and has not been found in soil studies at E. murphyi
sites. Planctomycetota, also appears to be absent from soil at E.
murphyi sites and has only been identified in one other Antarc-
tic invertebrate. Two less abundant phyla, Acidobacteriota and
Myxococcota are unique to the E. murphyi microbiome and
Myxococcota has not been previously reported from Signy
Island soils. All have known roles in nitrogen cycling and rep-
resent candidates to explain the greatly increased soil nitro-
gen levels associated with midge larvae. Representatives of
these phyla may allow E. murphyi to access additional energy
sources in the nutrient-depleted soils of Signy Island which, in
turn, could release key nutrients into the peaty soil. Eretmop-
tera murphyi appears to have a more diverse microbiome (at
the phylum level) than several native Antarctic invertebrates
studied to date, but differences in methodologies across stud-
ies currently limit robust comparisons. Further research is
required to confirm which organisms are true endosymbionts/
commensals and directly assess their functional roles. Finally,
comparison of the Signy Island E. murphyi microbiome with
that of the original source population from South Georgia
would enable the first confirmation of the combined transfer
of microbiota in an introduction event to Antarctica.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00248-0
26-02706-5.

Acknowledgements The authors are very grateful to Monica Aquilino
for sample collection.

Author Contributions ODMB performed the DNA extractions, anal-
ysed the data and wrote the initial draft. SL assisted with DNA extrac-

tions. KM assisted with the bioinformatic analysis and edited the pipe-
line. PC, YC, SU, NT and SALH contributed to manuscript writing
and editing. All authors gave final approval for manuscript submission.

Funding O. Brayley and S. Liu are funded by NERC CENTA2 grant
NE/S007350/1. O. Brayley’s PhD is also supported by the British
Antarctic Survey. S. Hayward is supported by a Leverhulme Research
Fellowship RF-2024-396/2. P. Convey is supported by NERC core
funding to the British Antarctic Survey ‘Biodiversity, Evolution and
Adaptation’ Team. S. Hayward, P. Convey and K. McCready were
also supported by NSFGEO-NERC grant NE/T009446/1. N. Teets is
supported by the National Science Foundation Grant OPP-1850988
and USDA National Institute of Food and Agriculture Hatch Project
700545.

Data Availability The ASVs generated during the current study and
their taxonomic assignment are available in the Supplementary Infor-
mation. The accession numbers are available in the SRA database
under the following BioProject: PRINA1370479.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Feldhaar H (2011) Bacterial symbionts as mediators of ecologi-
cally important traits of insect hosts. Ecol Entomol 36:533-543.
https://doi.org/10.1111/j.1365-2311.2011.01318.x

2. Schmidt K, Engel P (2021) Mechanisms underlying gut micro-
biota—host interactions in insects. J Exp Biol 224:jeb207696. http
s://doi.org/10.1242/jeb.207696

3. Rupawate PS, Roylawar P, Khandagale K, Gawande S, Ade AB,
Jaiswal DK, Borgave S (2023) Role of gut symbionts of insect
pests: A novel target for insect-pest control. Front Microbiol 14. h
ttps://doi.org/10.3389/fmicb.2023.1146390

4. Gurung K, Wertheim B, Falcao Salles J (2019) The Microbiome
of pest insects: it is not just bacteria. Entomol Exp Appl 167:156—
170. https://doi.org/10.1111/eea.12768

5. Engel P, Moran NA (2013) The gut microbiota of insects — diver-
sity in structure and function. FEMS Microbiol Rev 37:699-735.
https://doi.org/10.1111/1574-6976.12025

6. Munoz-Benavent M, Pérez-Cobas AE, Garcia-Ferris C, Moya A,
Latorre A (2021) Insects’ potential: Understanding the functional
role of their gut Microbiome. J Pharm Biomed Anal 194:113787.
https://doi.org/10.1016/j.jpba.2020.113787

7. Ren X, Cao S, Akami M, Mansour A, Yang Y, Jiang N, Wang H,
Zhang G, Qi X, Xu P, Guo T, Niu C (2022) Gut symbiotic bac-
teria are involved in nitrogen recycling in the tephritid fruit fly

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1365-2311.2011.01318.x
https://doi.org/10.1111/j.1365-2311.2011.01318.x
https://doi.org/10.1242/jeb.207696
https://doi.org/10.1242/jeb.207696
https://doi.org/10.3389/fmicb.2023.1146390
https://doi.org/10.3389/fmicb.2023.1146390
https://doi.org/10.1111/eea.12768
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1016/j.jpba.2020.113787
https://doi.org/10.1016/j.jpba.2020.113787
https://doi.org/10.1007/s00248-026-02706-5
https://doi.org/10.1007/s00248-026-02706-5

66

Page 10 of 12

0. D. M. Brayley et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Bactrocera dorsalis. BMC Biol 20:201. https://doi.org/10.1186/s
12915-022-01399-9

Li Y, Chang L, Xu K, Zhang S, Gao F, Fan Y (2023) Research
progresses on the function and detection methods of insect gut
microbes. Microorganisms 11:1208. https://doi.org/10.3390/mic
roorganisms 11051208

Dong Z-X, Chen Y-F, Li H-Y, Tang Q-H, Guo J (2021) The suc-
cession of the gut microbiota in insects: A dynamic alteration of
the gut microbiota during the whole life cycle of honey bees (Apis
cerana). Front Microbiol 12:513962. https://doi.org/10.3389/fmi
¢b.2021.513962

Mushegian AA, Tougeron K (2019) Animal-Microbe interactions
in the context of diapause. Biol Bull 237:180-191. https://doi.org
/10.1086/706078

Harvey JA, Tougeron K, Gols R, Heinen R, Abarca M, Abram
PK, Basset Y, Berg M, Boggs C, Brodeur J, Cardoso P, de Boer
JG, De Snoo GR, Deacon C, Dell JE, Desneux N, Dillon ME,
Duffy GA, Dyer LA, Ellers J, Espindola A, Fordyce J, Forister
ML, Fukushima C, Gage MJG, Garcia-Robledo C, Gely C, Gobbi
M, Hallmann C, Hance T, Harte J, Hochkirch A, Hof C, Hoff-
mann AA, Kingsolver JG, Lamarre GPA, Laurance WF, Lavan-
dero B, Leather SR, Lehmann P, Le Lann C, Lopez-Uribe MM,
Ma C-S, Ma G, Moiroux J, Monticelli L, Nice C, Ode PJ, Pince-
bourde S, Ripple W], Rowe M, Samways MJ, Sentis A, Shah AA,
Stork N, Terblanche JS, Thakur MP, Thomas MB, Tylianakis JM,
Van Baaren J, Van de Pol M, Van der Putten WH, Van Dyck H,
Verberk DL, Weisser WW, Wetzel WC, Woods HA, Wyckhuys
SL (2023) Scientists’ warning on climate change and insects. Ecol
Monogr 93:e1553. https://doi.org/10.1002/ecm.1553

Ziganshina EE, Mohammed WS, Shagimardanova EI, Vankov
PY, Gogoleva NE, Ziganshin AM (2018) Fungal, Bacterial, and
archaeal diversity in the digestive tract of several beetle larvae
(Coleoptera). Biomed Res Int 2018:6765438. https://doi.org/10.1
155/2018/6765438

Amores G, Zepeda-Ramos G, Garcia-Fajardo L, Hernandez E,
Guillén-Navarro K (2022) Archaea, the unseen kingdom in the
gut microbiome of Anastrepha obliqua. https://doi.org/10.1007/s
00203-022-03207-y

Benemann JR (1973) Nitrogen fixation in termites. Science
181:164—165. https://doi.org/10.1126/science.181.4095.164
Douglas AE (2009) The microbial dimension in insect nutritional
ecology. Funct Ecol 23:38-47. https://doi.org/10.1111/j.1365-243
5.2008.01442.x

Sagi N, Hawlena D (2021) Arthropods as the engine of nutrient
cycling in arid ecosystems. Insects 12:726. https://doi.org/10.339
0/insects12080726

Mondal S, Somani J, Roy S, Babu A, Pandey AK (2023) Insect
microbial symbionts: Ecology, Interactions, and biological sig-
nificance. Microorganisms 11:2665. https://doi.org/10.3390/mic
roorganisms11112665

Zhang Y, Zhang S, Xu L (2023) The pivotal roles of gut micro-
biota in insect plant interactions for sustainable pest management.
Npj Biofilms Microbiomes 9:1-12. https://doi.org/10.1038/s4152
2-023-00435-y

Maistrenko OM, Serga SV, Kovalenko PA, Kozeretska 1A (2023)
Bacteria associated with the Antarctic endemic insect Belgica
Antarctica Jacobs (Diptera Chironomidae). Cytol Genet 57:207—
212. https://doi.org/10.3103/S0095452723030064

Schaeffer C (1914) Collembola, Siphonaptera, diptera and cole-
optera of the South Georgia expedition. Museum Brooklyn Inst
Arts Sci 2:90-94

Allegrucci G, Carchini G, Convey P, Sbordoni V (2012) Evolu-
tionary geographic relationships among orthocladine chironomid
midges from maritime Antarctic and sub-Antarctic Islands. Biol J
Linn Soc 106:258-274. https://doi.org/10.1111/1.1095-8312.2012
.01864.x

@ Springer

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Brayley O, Hayward S, McCready K, Liu S, Chen Y, Ullah S, Teets
N, Convey P (2025) Absence of Wolbachia in the sub-Antarctic
midge, Eretmoptera Murphyi (Diptera: Chironomidae). Antarct Sci
37:332-337. https://doi.org/10.1017/S0954102025000197

Serga S, Kovalenko PA, Maistrenko OM, Deconninck G,
Shevchenko O, Iakovenko N, Protsenko Y, Susulovsky A, Kacz-
marek L, Pavlovska M, Convey P, Kozeretska I (2024) Wolbachia in
Antarctic terrestrial invertebrates: absent or undiscovered? Environ
Microbiol Rep 16:¢70040. https://doi.org/10.1111/1758-2229.70040
Bartlett J, Convey P, Hayward SAL (2019) Not so free range?
Oviposition microhabitat and egg clustering affects Eretmoptera
Murphyi (Diptera: Chironomidae) reproductive success. Polar
Biol 42:271-284. https://doi.org/10.1007/s00300-018-2420-4
Cranston PS (1985) Eretmoptera Murphy Schaeffer (Diptera:
Chironomidae), an apparently parthenogenetic Antarctic midge.
Br Antarct Surv Bull 66:35-45

Hughes KA, Worland MR, Thorne MAS, Convey P (2013) The
non-native chironomid Eretmoptera Murphyi in antarctica: ero-
sion of the barriers to invasion. Biol Invasions 15:269-281. https
://doi.org/10.1007/s10530-012-0282-1

Bartlett JC, Convey P, Newsham KK, Hayward SAL (2023)
Ecological consequences of a single introduced species to the
antarctic: terrestrial impacts of the invasive midge Eretmoptera
Murphyi on Signy Island. Soil Biol Biochem 180:108965. https:/
/doi.org/10.1016/j.s0i1bi0.2023.108965

HattenschwilerS, Tiunov AV, Scheu S (2005) Biodiversity and lit-
ter decomposition in terrestrial ecosystems. Annu Rev Ecol Evol
Syst 36:191-218. https://doi.org/10.1146/annurev.ecolsys.36.112
904.151932

Bokhorst S, Huiskes A, Convey P, Aerts R (2007) External nutri-
ent inputs into terrestrial ecosystems of the Falkland Islands and
the maritime Antarctic region. Polar Biol 30:1315-1321. https://d
0i.org/10.1007/s00300-007-0292-0

Bartlett JC, Convey P, Pertierra LR, Hayward SAL (2020) An
insect invasion of antarctica: the past, present and future distribu-
tion of Eretmoptera Murphyi (Diptera, Chironomidae) on Signy
Island. Insect Conserv Divers 13:77-90. https://doi.org/10.1111/i
cad.12389

Pan SY, Tan GYA, Convey P, Pearce DA, Tan IKP (2013) Diver-
sity and bioactivity of actinomycetes from Signy Island terrestrial
soils, maritime Antarctic. Adv Polar Sci 4:208-212. https://doi.or
2/10.3724/SP.J.1085.2013.00208

Smith RIL (1972) The vegetation of the South Orkney Islands
with particular reference to Signy Island. Scientific report. Br
Antarct Surv Bull 68:1-124

Baker (1970) Quantitative study of yeasts and bacteria in a Signy
Island peat. Br Antarct Surv Bull 23:51-55

Bailey AD, Wynn-Williams DD (1982) Soil Microbiological
studies at Signy Island, South Orkney Islands. Br Antarct Surv
Bull 51:167-191

Sela R, Laviad-Shitrit S, Halpern M (2020) Changes in microbi-
ota composition along the metamorphosis developmental stages
of Chironomus transvaalensis. Front Microbiol 11. https://doi.or
2/10.3389/fmicb.2020.586678

Sela R, Halpern M (2022) The chironomid Microbiome plays a
role in protecting its host from toxicants. Front Ecol Evol 10. http
s://doi.org/10.3389/fevo.2022.796830

Caporaso J.G., Lauber C.L., Walters W.A., Berg-Lyons D., Lozu-
pone C.A., Turnbaugh P.J., Fierer N., Knight R. (2010) Global
patterns of 16S rRNA diversity at a depth of millions of sequences
per sample. Proc Natl Acad Sci 108:4516-4522. https://doi.org/1
0.1073/pnas.1000080107

Pausan MR, Csorba C, Singer G, Till H, Schopf'V, Santigli E, Klug
B, Hoégenauer C, Blohs M, Moissl-Eichinger C (2019) Exploring
the archacome: detection of archaeal signatures in the human body.
Front Microbiol 10. https://doi.org/10.3389/fmicb.2019.02796


https://doi.org/10.1017/S0954102025000197
https://doi.org/10.1111/1758-2229.70040
https://doi.org/10.1007/s00300-018-2420-4
https://doi.org/10.1007/s10530-012-0282-1
https://doi.org/10.1007/s10530-012-0282-1
https://doi.org/10.1016/j.soilbio.2023.108965
https://doi.org/10.1016/j.soilbio.2023.108965
https://doi.org/10.1146/annurev.ecolsys.36.112904.151932
https://doi.org/10.1146/annurev.ecolsys.36.112904.151932
https://doi.org/10.1007/s00300-007-0292-0
https://doi.org/10.1007/s00300-007-0292-0
https://doi.org/10.1111/icad.12389
https://doi.org/10.1111/icad.12389
https://doi.org/10.3724/SP.J.1085.2013.00208
https://doi.org/10.3724/SP.J.1085.2013.00208
https://doi.org/10.3389/fmicb.2020.586678
https://doi.org/10.3389/fmicb.2020.586678
https://doi.org/10.3389/fevo.2022.796830
https://doi.org/10.3389/fevo.2022.796830
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.3389/fmicb.2019.02796
https://doi.org/10.1186/s12915-022-01399-9
https://doi.org/10.1186/s12915-022-01399-9
https://doi.org/10.3390/microorganisms11051208
https://doi.org/10.3390/microorganisms11051208
https://doi.org/10.3389/fmicb.2021.513962
https://doi.org/10.3389/fmicb.2021.513962
https://doi.org/10.1086/706078
https://doi.org/10.1086/706078
https://doi.org/10.1002/ecm.1553
https://doi.org/10.1155/2018/6765438
https://doi.org/10.1155/2018/6765438
https://doi.org/10.1007/s00203-022-03207-y
https://doi.org/10.1007/s00203-022-03207-y
https://doi.org/10.1126/science.181.4095.164
https://doi.org/10.1111/j.1365-2435.2008.01442.x
https://doi.org/10.1111/j.1365-2435.2008.01442.x
https://doi.org/10.3390/insects12080726
https://doi.org/10.3390/insects12080726
https://doi.org/10.3390/microorganisms11112665
https://doi.org/10.3390/microorganisms11112665
https://doi.org/10.1038/s41522-023-00435-y
https://doi.org/10.1038/s41522-023-00435-y
https://doi.org/10.3103/S0095452723030064
https://doi.org/10.1111/j.1095-8312.2012.01864.x
https://doi.org/10.1111/j.1095-8312.2012.01864.x

The Microbiome of an Invasive Antarctic insect, Eretmoptera Murphyi (Diptera: Chironomidae), and its Potential...

Page 110f 12 66

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

53.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA,
Holmes SP (2016) DADA2: High-resolution sample inference
from illumina amplicon data. Nat Methods 13:581-583. https://
doi.org/10.1038/nmeth.3869

McLaren MR, Callahan BJ (2021) Silva 138.1 prokaryotic SSU
taxonomic training data formatted for DADA2. https://doi.org/10
.5281/zenodo.4587955

Kelley JL, Peyton JT, Fiston-Lavier A-S, Teets NM, Yee M-C,
Johnston JS, Bustamante CD, Lee RE, Denlinger DL (2014)
Compact genome of the Antarctic midge is likely an adaptation to
an extreme environment. Nat Commun 5:4611. https://doi.org/10
.1038/ncomms5611

Lagunas B, Richards L, Sergaki C, Burgess J, Pardal AJ, Hus-
sain RMF, Richmond BL, Baxter L, Roy P, Pakidi A, Stovold G,
Vazquez S, Ott S, Schifer P, Gifford ML (2023) Rhizobial nitro-
gen fixation efficiency shapes endosphere bacterial communities
and medicago truncatula host growth. Microbiome 11:146. https:
//doi.org/10.1186/s40168-023-01592-0

Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre P,
Minchin PR, O’Hara RB, Solymos P, Stevens MHH, Szoecs E,
Wagner H, Barbour M, Bedward M, Bolker B, Borcard D, Carv-
alho G, Chirico M, De Caceres M, Durand S, Evangelista HBA,
FitzJohn R, Friendly M, Furneaux B, Hannigan G, Hill MO, Lahti
L, McGlinn D, Ouellette M-H, Cunha R, Smith E, Stier T, Braak
AT, Weedon J (2001) vegan: Community Ecology Package. https
://doi.org/10.32614/CRAN.package.vegan

McMurdie PJ, Holmes S (2013) Phyloseq: an R package for
reproducible interactive analysis and graphics of Microbiome
census data. PLoS ONE 8:¢61217. https://doi.org/10.1371/journa
l.pone.0061217

Anderson MJ (2001) A new method for non-parametric multivari-
ate analysis of variance. Austral Ecol 26:32—46. https://doi.org/10
.1111/5.1442-9993.2001.01070.pp.x

Moraga-Fernandez A, Mufioz-Hernandez C, Sanchez-Sanchez
M, Fernandez de Mera IG, de la Fuente J (2023) Exploring the
diversity of tick-borne pathogens: the case of bacteria (4na-
plasma, Rickettsia, Coxiella and Borrelia) protozoa (Babesia and
Theileria) and viruses (Orthonairovirus, tick-borne encephalitis
virus and louping ill virus) in the European continent. Vet Micro-
biol 286:109892. https://doi.org/10.1016/j.vetmic.2023.109892
Miquel S, Martin R, Bridonneau C, Robert V, Sokol H, Bermu-
dez-Humaran LG, Thomas M, Langella P (2014) Ecology and
metabolism of the beneficial intestinal commensal bacterium
Faecalibacterium Prausnitzii. Gut Microbes 5:146. https://doi.or
2/10.4161/gmic.27651

Francis CA, Roberts KJ, Beman JM, Santoro AE, Oakley BB
(2005) Ubiquity and diversity of ammonia-oxidizing archaea in
water columns and sediments of the ocean. Proc Natl Acad Sci
102:14683-14688. https://doi.org/10.1073/pnas.0506625102
Zhang G-B, Meng S, Gong J-M (2018) The expected and unex-
pected roles of nitrate transporters in plant abiotic stress resis-
tance and their regulation. Int J Mol Sci 19:3535. https://doi.org/
10.3390/ijms19113535

Makhalanyane TP, Van Goethem MW, Cowan DA (2016) Micro-
bial diversity and functional capacity in Polar soils. Curr Opin
Biotechnol Energy Biotechnology: Environ Biotechnol 38:159—
166. https://doi.org/10.1016/j.copbio.2016.01.011

Block W (1982) The Signy Island terrestrial reference sites:
XIV. Population studies on the collembola. Br Antarct Surv Bull
55:33-49. https://nora.nerc.ac.uk/id/eprint/524264

Block W, Convey P (1995) The biology, life cycle and eco-
physiology of the Antarctic mite Alaskozetes antarcticus. J Zool
236:431-449. https://doi.org/10.1111/j.1469-7998.1995.tb0272
3.x

Chong CW, Pearce DA, Convey P, Tan GYA, Wong RCS, Tan IKP
(2010) High levels of Spatial heterogeneity in the biodiversity of

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

soil prokaryotes on Signy Island, Antarctica. Soil Biol Biochem
42:601-610. https://doi.org/10.1016/j.50i1b10.2009.12.009
Chong CW, Dunn MJ, Convey P, Tan GYA, Wong RCS, Tan IKP
(2009) Environmental influences on bacterial diversity of soils on
Signy Island, maritime Antarctic. Polar Biol 32:1571-1582. https
://doi.org/10.1007/s00300-009-0656-8

Yergeau E, Newsham KK, Pearce DA, Kowalchuk GA (2007)
Patterns of bacterial diversity across a range of Antarctic terres-
trial habitats. Environ Microbiol 9:2670-2682. https://doi.org/10.
1111/.1462-2920.2007.01379.x

Holmes CJ, Jennings EC, Gantz JD, Spacht D, Spangler AA,
Denlinger DL, Lee RE, Hamilton TL, Benoit JB (2019) The Ant-
arctic mite, Alaskozetes antarcticus, shares bacterial Microbiome
community membership but not abundance between adults and
tritonymphs. Polar Biol 42:2075-2085. https://doi.org/10.1007/s
00300-019-02582-5

Leo C, Nardi F, Cucini C, Frati F, Convey P, Weedon JT, Roelofs
D, Carapelli A (2021) Evidence for strong environmental con-
trol on bacterial microbiomes of Antarctic springtails. Sci Rep
11:2973. https://doi.org/10.1038/s41598-021-82379-x

Vecchi M, Newton ILG, Cesari M, Rebecchi L, Guidetti R (2018)
The microbial community of tardigrades: environmental influ-
ence and species specificity of Microbiome structure and com-
position. Microb Ecol 76:467—481. https://doi.org/10.1007/s002
48-017-1134-4

Gupta RS (2013) Chapter Two - Molecular Markers for Photosyn-
thetic Bacteria and Insights into the Origin and Spread of Photo-
synthesis, in: Beatty, J.T. (Ed.), Advances in Botanical Research,
Genome Evolution of Photosynthetic Bacteria. Academic Press,
pp. 37-66. https://doi.org/10.1016/B978-0-12-397923-0.00002-3
Sorokin DY, Liicker S, Vejmelkova D, Kostrikina NA, Kleere-
bezem R, Rijpstra WIC, Damsté JSS, Le Paslier D, Muyzer G,
Wagner M, van Loosdrecht MCM, Daims H (2012) Nitrification
expanded: discovery, physiology and genomics of a nitrite-oxi-
dizing bacterium from the phylum Chloroflexi. ISME J 6:2245-
2256. https://doi.org/10.1038/ismej.2012.70

Spieck E, Spohn M, Wendt K, Bock E, Shively J, Frank J, Inden-
birken D, Alawi M, Liicker S, Hiipeden J (2020) Extremophilic
nitrite-oxidizing Chloroflexi from Yellowstone hot springs. ISME
J 14:364-379. https://doi.org/10.1038/s41396-019-0530-9

Speirs LBM, Rice DTF9, Petrovski S, Seviour RJ (2019) The
Phylogeny, Biodiversity, and ecology of the Chloroflexi in acti-
vated sludge. Front Microbiol 10. https://doi.org/10.3389/fmicb.
2019.02015

Kalam S, Basu A, Ahmad I, Sayyed RZ, El-Enshasy HA, Dailin
DJ, Suriani NL (2020) Recent Understanding of soil Acidobac-
teria and their ecological significance: A critical review. Front
Microbiol 11. https://doi.org/10.3389/fmicb.2020.580024
Kurashita H, Hatamoto M, Tomita S, Yamaguchi T, Narihiro T,
Kuroda K (2024) Comprehensive insights into potential metabolic
functions of Myxococcota in activated sludge systems. Microbes
Environ 39:ME24068. https://doi.org/10.1264/jsme2.ME24068
Han P, Tang X, Koch H, Dong X, Hou L, Wang D, Zhao Q, Li
Z, Liu M, Liicker S, Shi G (2024) Unveiling unique microbial
nitrogen cycling and nitrification driver in coastal Antarctica. Nat
Commun 15:3143. https://doi.org/10.1038/s41467-024-47392-4
Wang J-X, Wang J, Liu J-Q, Li J, Jiang W-X, Xu F, Li P-Y,
Qin Q-L, Chen X-L, Zhang X-Y (2024) The complete genome
sequence of the planctomycetotal bacterium Bremerella sp. P1
with abundant genes involved in polysaccharide degradation. Mar
Genom 76:101126. https://doi.org/10.1016/j.margen.2024.101126
Chan'Y, Van Nostrand JD, Zhou J, Pointing SB, Farrell RL (2013)
Functional ecology of an Antarctic dry Valley. Proc Natl Acad Sci
110:8990-8995. https://doi.org/10.1073/pnas.1300643110

de Scally SZ, Makhalanyane TP, Frossard A, Hogg ID, Cowan
DA (2016) Antarctic microbial communities are functionally

@ Springer


https://doi.org/10.1016/j.soilbio.2009.12.009
https://doi.org/10.1007/s00300-009-0656-8
https://doi.org/10.1007/s00300-009-0656-8
https://doi.org/10.1111/j.1462-2920.2007.01379.x
https://doi.org/10.1111/j.1462-2920.2007.01379.x
https://doi.org/10.1007/s00300-019-02582-5
https://doi.org/10.1007/s00300-019-02582-5
https://doi.org/10.1038/s41598-021-82379-x
https://doi.org/10.1007/s00248-017-1134-4
https://doi.org/10.1007/s00248-017-1134-4
https://doi.org/10.1016/B978-0-12-397923-0.00002-3
https://doi.org/10.1038/ismej.2012.70
https://doi.org/10.1038/s41396-019-0530-9
https://doi.org/10.3389/fmicb.2019.02015
https://doi.org/10.3389/fmicb.2019.02015
https://doi.org/10.3389/fmicb.2020.580024
https://doi.org/10.1264/jsme2.ME24068
https://doi.org/10.1038/s41467-024-47392-4
https://doi.org/10.1016/j.margen.2024.101126
https://doi.org/10.1073/pnas.1300643110
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.5281/zenodo.4587955
https://doi.org/10.5281/zenodo.4587955
https://doi.org/10.1038/ncomms5611
https://doi.org/10.1038/ncomms5611
https://doi.org/10.1186/s40168-023-01592-0
https://doi.org/10.1186/s40168-023-01592-0
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1016/j.vetmic.2023.109892
https://doi.org/10.4161/gmic.27651
https://doi.org/10.4161/gmic.27651
https://doi.org/10.1073/pnas.0506625102
https://doi.org/10.3390/ijms19113535
https://doi.org/10.3390/ijms19113535
https://doi.org/10.1016/j.copbio.2016.01.011
https://nora.nerc.ac.uk/id/eprint/524264
https://doi.org/10.1111/j.1469-7998.1995.tb02723.x
https://doi.org/10.1111/j.1469-7998.1995.tb02723.x

66

Page 12 of 12

0. D. M. Brayley et al.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

3.

redundant, adapted and resistant to short term temperature pertur-
bations. Soil Biol Biochem 103:160-170. https://doi.org/10.1016
/j.s011bi0.2016.08.013

Araujo R, Gupta VVSR, Reith F, Bissett A, Mele P, Franco CMM
(2020) Biogeography and emerging significance of actinobacte-
ria in Australia and Northern Antarctica soils. Soil Biol Biochem
146:107805. https://doi.org/10.1016/j.s0ilbi0.2020.107805

Sait M, Davis KER, Janssen PH (2006) Effect of pH on isola-
tion and distribution of members of subdivision 1 of the phylum
Acidobacteria occurring in soil. Appl Environ Microbiol 72:1852—
1857. https://doi.org/10.1128/AEM.72.3.1852-1857.2006

Ude S, Arnold DL, Moon CD, Timms-Wilson T, Spiers AJ (2006)
Biofilm formation and cellulose expression among diverse envi-
ronmental Pseudomonas isolates. Environ Microbiol 8:1997—
2011. https://doi.org/10.1111/j.1462-2920.2006.01080.x

Zheng Y, Saitou A, Wang C-M, Toyoda A, Minakuchi Y, Seki-
guchi Y, Ueda K, Takano H, Sakai Y, Abe K, Yokota A, Yabe S
(2019) Genome features and secondary metabolites biosynthetic
potential of the class ktedonobacteria. Front Microbiol 10:893. ht
tps://doi.org/10.3389/fmicb.2019.00893

Ward LM, Shih PM (2019) The evolution and productivity of car-
bon fixation pathways in response to changes in oxygen concen-
tration over geological time. Free radical biology and medicine.
Early Life Earth Oxidative Stress 140:188—199. https://doi.org/1
0.1016/j.freeradbiomed.2019.01.049

Tikh I, Schmidt-Dannert C (2013) Chapter 16 - Towards engi-
neered Light—Energy conversion in nonphotosynthetic microor-
ganisms. In: Zhao H (ed) Synthetic biology. Academic, Boston, pp
303-316. https://doi.org/10.1016/B978-0-12-394430-6.00016-9
Jiang Y, Xiong X, Danska J, Parkinson J (2016) Metatranscrip-
tomic analysis of diverse microbial communities reveals core
metabolic pathways and microbiome-specific functionality.
Microbiome 4:2. https://doi.org/10.1186/s40168-015-0146-x
Brochier-Armanet C, Boussau B, Gribaldo S, Forterre P (2008)
Mesophilic crenarchaeota: proposal for a third archaeal phylum,
the thaumarchaeota. Nat Rev Microbiol 6:245-252. https://doi.or
2/10.1038/nrmicro1852

Guy L, Ettema TJG (2011) The archaeal ‘TACK’ superphylum
and the origin of eukaryotes. Trends Microbiol 19:580-587. https
://doi.org/10.1016/j.tim.2011.09.002

Hershberger KL, Barns SM, Reysenbach A-L, Dawson SC, Pace
NR (1996) Wide diversity of crenarchaeota. Nature 384:420—420.
https://doi.org/10.1038/384420a0

Treusch AH, Leininger S, Kletzin A, Schuster SC, Klenk H-P,
Schleper C (2005) Novel genes for nitrite reductase and Amo-
related proteins indicate a role of uncultivated mesophilic crenar-
chaeota in nitrogen cycling. Environ Microbiol 7:1985-1995. htt
ps://doi.org/10.1111/j.1462-2920.2005.00906.x

Ortiz M, Bosch J, Coclet C, Johnson J, Lebre P, Salawu-Rotimi A,
Vikram S, Makhalanyane T, Cowan D (2020) Microbial nitrogen
cycling in Antarctic soils. Microorganisms 8. https://doi.org/10.3
390/microorganisms8091442

You J, Das A, Dolan EM, Hu Z (2009) Ammonia-oxidizing
archaea involved in nitrogen removal. Water Res 43:1801-1809.
https://doi.org/10.1016/j.watres.2009.01.016

Magalhdes CM, Machado A, Frank-Fahle B, Lee CK, Cary SC
(2014) The ecological dichotomy of ammonia-oxidizing archaea
and bacteria in the hyper-arid soils of the Antarctic dry valleys.
Front Microbiol 5. https://doi.org/10.3389/fmicb.2014.00515
Friedrich MW, Schmitt-Wagner D, Lueders T, Brune A (2001)
Axial differences in community structure of crenarchaeota and
Euryarchaeota in the highly compartmentalized gut of the Soil-
Feeding termite Cubitermes orthognathus. Appl Environ Micro-
biol 67:4880-4890. https://doi.org/10.1128/AEM.67.10.4880-48
90.2001

@ Springer

84.

8s.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Convey P, Chown SL, Clarke A, Barnes DKA, Bokhorst S, Cum-
mings V, Ducklow HW, Frati F, Green TGA, Gordon S, Griffiths HJ,
Howard-Williams C, Huiskes AHL, Laybourn-Parry J, Lyons WB,
McMinn A, Morley SA, Peck LS, Quesada A, Robinson SA, Schia-
parelli S, Wall DH (2014) The Spatial structure of Antarctic biodiver-
sity. Ecol Monogr 84:203-244. https://doi.org/10.1890/12-2216.1
Herath IK, Shi G, Zhao Q, Li Y, Wang D, Jiang S, Li, Yangjie,
Chen Z, Bargagli R (2023) Isotopic constraints on nitrate sources
and cycling in Antarctic soils. Geochim Cosmochim Acta 361:1—
9. https://doi.org/10.1016/j.gca.2023.09.020

Cameron KA, Hodson AJ, Osborn AM (2012) Structure and
diversity of bacterial, eukaryotic and archaeal communities in
glacial cryoconite holes from the Arctic and the Antarctic. FEMS
Microbiol Ecol 82:254-267. https://doi.org/10.1111/j.1574-6941.
2011.01277.x

Richter I, Herbold CW, Lee CK, McDonald IR, Barrett JE, Cary
SC (2014) Influence of soil properties on archaeal diversity and dis-
tribution in the McMurdo dry Valleys, Antarctica. FEMS Microbiol
Ecol 89:347-359. https://doi.org/10.1111/1574-6941.12322

Sela R, Laviad-Shitrit S, Thorat L, Nath BB, Halpern M (2021)
Chironomus ramosus larval Microbiome composition provides
evidence for the presence of detoxifying enzymes. Microorgan-
isms 9:1571. https://doi.org/10.3390/microorganisms9081571
Nardi JB, Miller LA, Bee CM, Lee RE, Denlinger DL (2009) The
larval alimentary Canal of the Antarctic insect, Belgica Antarc-
tica. Arthropod Struct Dev 38:377-389. https://doi.org/10.1016/j
.asd.2009.04.003

Convey P, Block W (1996) Antarctic diptera: ecology, physiology
and distribution. Eur J Entomol 93:1-13

Chown SL, Convey P (2016) Antarctic entomology. Ann Rev
Entomol 61:119-137. https://doi.org/10.1146/annurev-ento-0107
15-023537

Kozeretska I, Serga S, Kovalenko P, Gorobchyshyn V, Convey
P (2021) Belgica Antarctica (Diptera: Chironomidae): A natural
model organism for extreme environments. Insect Sci 29:2-20. h
ttps://doi.org/10.1111/1744-7917.12925

Burn AJ (1986) Feeding rates of the cryptostigmatid mite Alas-
kozetes antarcticus (Michael). Br Antarct Surv Bull 71:11-17. htt
ps://mora.nerc.ac.uk/id/eprint/523047

Binetruy F, Dupraz M, Buysse M, Duron O (2019) Surface ster-
ilization methods impact measures of internal microbial diversity
in ticks. Parasites Vectors 12:268. https://doi.org/10.1186/s1307
1-019-3517-5

Krishnan M, Bharathiraja C, Pandiarajan J, Prasanna VA, Rajen-
dhran J, Gunasekaran P (2014) Insect gut microbiome — An unex-
ploited reserve for biotechnological application. Asian Pac J Trop
Biomed 4:S16-S21. https://doi.org/10.12980/APJTB.4.2014C95
Convey P, Key RS, Key RJD, Belchier M, Waller CL (2011)
Recent range expansions in non-native predatory beetles on sub-
Antarctic South Georgia. Polar Biol 34:597-602. https://doi.org/
10.1007/s00300-010-0909-6

TichitP,Convey P, Brickle P, Newton RJ, Contador T, Dawson W
(2026) Expansion of invasive carabids across elevation and habi-
tats on sub-Antarctic South Georgia. Insect Conserv Divers 1-16.
https://doi.org/10.1111/icad.70064

Simon C, Daniel R (2011) Metagenomic analyses: past and future
trends. Appl Environ Microbiol 77:1153—1161. https://doi.org/10
.1128/AEM.02345-10

Ge S-X, Li T-F, Ren L-L, Zong S-X (2023) Host-plant adaptation
in xylophagous insect-microbiome systems: contributions of lon-
gicorns and gut symbionts revealed by parallel metatranscriptome.
iScience 26:106680. https://doi.org/10.1016/j.is¢i.2023.106680

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1890/12-2216.1
https://doi.org/10.1016/j.gca.2023.09.020
https://doi.org/10.1111/j.1574-6941.2011.01277.x
https://doi.org/10.1111/j.1574-6941.2011.01277.x
https://doi.org/10.1111/1574-6941.12322
https://doi.org/10.3390/microorganisms9081571
https://doi.org/10.1016/j.asd.2009.04.003
https://doi.org/10.1016/j.asd.2009.04.003
https://doi.org/10.1146/annurev-ento-010715-023537
https://doi.org/10.1146/annurev-ento-010715-023537
https://doi.org/10.1111/1744-7917.12925
https://doi.org/10.1111/1744-7917.12925
https://nora.nerc.ac.uk/id/eprint/523047
https://nora.nerc.ac.uk/id/eprint/523047
https://doi.org/10.1186/s13071-019-3517-5
https://doi.org/10.1186/s13071-019-3517-5
https://doi.org/10.12980/APJTB.4.2014C95
https://doi.org/10.1007/s00300-010-0909-6
https://doi.org/10.1007/s00300-010-0909-6
https://doi.org/10.1111/icad.70064
https://doi.org/10.1111/icad.70064
https://doi.org/10.1128/AEM.02345-10
https://doi.org/10.1128/AEM.02345-10
https://doi.org/10.1016/j.isci.2023.106680
https://doi.org/10.1016/j.soilbio.2016.08.013
https://doi.org/10.1016/j.soilbio.2016.08.013
https://doi.org/10.1016/j.soilbio.2020.107805
https://doi.org/10.1128/AEM.72.3.1852-1857.2006
https://doi.org/10.1111/j.1462-2920.2006.01080.x
https://doi.org/10.3389/fmicb.2019.00893
https://doi.org/10.3389/fmicb.2019.00893
https://doi.org/10.1016/j.freeradbiomed.2019.01.049
https://doi.org/10.1016/j.freeradbiomed.2019.01.049
https://doi.org/10.1016/B978-0-12-394430-6.00016-9
https://doi.org/10.1186/s40168-015-0146-x
https://doi.org/10.1038/nrmicro1852
https://doi.org/10.1038/nrmicro1852
https://doi.org/10.1016/j.tim.2011.09.002
https://doi.org/10.1016/j.tim.2011.09.002
https://doi.org/10.1038/384420a0
https://doi.org/10.1038/384420a0
https://doi.org/10.1111/j.1462-2920.2005.00906.x
https://doi.org/10.1111/j.1462-2920.2005.00906.x
https://doi.org/10.3390/microorganisms8091442
https://doi.org/10.3390/microorganisms8091442
https://doi.org/10.1016/j.watres.2009.01.016
https://doi.org/10.1016/j.watres.2009.01.016
https://doi.org/10.3389/fmicb.2014.00515
https://doi.org/10.1128/AEM.67.10.4880-4890.2001
https://doi.org/10.1128/AEM.67.10.4880-4890.2001

	﻿The Microbiome of an Invasive Antarctic insect, ﻿Eretmoptera Murphyi﻿ (Diptera: Chironomidae), and its Potential Role in Nutrient Cycling
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Sample Collection
	﻿Microbial DNA Extraction and Sequencing
	﻿Sequencing Analyses
	﻿Statistical Analyses

	﻿Results
	﻿Alpha Diversity
	﻿Beta Diversity
	﻿Bacterial ASV Diversity
	﻿Archaeal ASV Diversity

	﻿Discussion
	﻿Bacteria
	﻿Archaea
	﻿Comparison of ﻿E. murphyi﻿ microbiome with other Antarctic invertebrates
	﻿Future Work

	﻿Conclusions
	﻿References


