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ABSTRACT All termites have established a wide range of associations with symbi-
otic microbes in their guts. Some termite species are also associated with microbes
that grow in their nests, but the prevalence of these associations remains largely un-
known. Here, we studied the bacterial communities associated with the termites and
galleries of three wood-feeding termite species by using 16S rRNA gene amplicon
sequencing. We found that the compositions of bacterial communities among ter-
mite bodies, termite galleries, and control wood fragments devoid of termite activi-
ties differ in a species-specific manner. Termite galleries were enriched in bacterial
operational taxonomic units (OTUs) belonging to Rhizobiales and Actinobacteria,
which were often shared by several termite species. The abundance of several bac-
terial OTUs, such as Bacillus, Clostridium, Corynebacterium, and Staphylococcus, was
reduced in termite galleries. Our results demonstrate that both termite guts and ter-
mite galleries harbor unique bacterial communities.

IMPORTANCE As is the case for all ecosystem engineers, termites impact their habi-
tat by their activities, potentially affecting bacterial communities. Here, we studied
three wood-feeding termite species and found that they influence the composition
of the bacterial communities in their surrounding environment. Termite activities
have positive effects on Rhizobiales and Actinobacteria abundance and negative ef-
fects on the abundance of several ubiquitous genera, such as Bacillus, Clostridium,
Corynebacterium, and Staphylococcus. Our results demonstrate that termite galleries
harbor unique bacterial communities.
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Termites harbor diverse communities of microbes in their hindguts that participate
in lignocellulose digestion, nitrogen metabolism, and other functions (1–4). Gut

microbes have been coevolving along with termites for tens of millions of years, and
many species are found nowhere else other than in the termite gut (3–5). Conse-
quently, termite gut microbial communities are unique in terms of composition,
differing substantially among species (6–8) and differing from the communities present
in soil, wood, and termite nest material (9, 10).

In addition to the microbes present in their guts, some termite species are known
to partner with mutualistic symbionts that grow outside of their bodies, which we
define here as “external symbionts.” All species of Macrotermitinae cultivate the
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macroscopic fungus Termitomyces within their nests (11–13). Termitomyces species are
only associated with fungus-growing termites (11–13) and, due to their prevailing
horizontal transmission, have undergone a number of switches between species in this
group (14, 15). Another putative example of nutritional external symbiosis is that
between Sphaerotermes sphaerothorax, the only known species of Sphaerotermitinae,
and bacteria of unknown taxonomic composition that are found inside specialized
combs forming the core of Sphaerotermes sphaerothorax nests (16). No other nutritional
external symbionts are known to be associated with termites.

Termites are known to host externally associated symbiotic microbes that exhibit
antifungal properties. Termites primarily feed on wood, sometimes in an advanced
stage of decomposition, or on soil (17, 18), both of which are inhabited by a large
number of microbes. In addition, termites are social insects that live in densely
populated nests, potentially facilitating the transmission of diseases (19). Some termites
harbor in their nests Streptomyces bacteria that display antifungal properties (20–22).
External symbiotic Streptomyces are not specific to termites but are recruited from the
soil surrounding the fecal nest and become abundant in termite-managed environ-
ments (22).

The diversity of microbes externally associated with termites is unlikely to be limited
to a handful of external symbionts with nutritional and defensive functions. Termite
activities are expected to have a significant effect on the composition of surrounding
microbial communities. For example, termites produce antifungal and antimicrobial
compounds that they release from their salivary glands and fecal pellets (23–27). Saliva
and fecal fluids are used as building material (28), and their biocide properties prevent
microbial colonization of the nest and galleries, which remain free of visible fungal
overgrowths (21, 29). Termites also tunnel into wood and move vast amounts of soil
(30–32), facilitating the spread of microbes and fungi (33). Lastly, termites maintain
microclimatic conditions within their nests and galleries (28), potentially favoring the
growth of certain microbes while suppressing that of others. In consequence, the
microbial communities colonizing termite nests and galleries are expected to differ
from those of termite-free environments.

Several studies have shown that the bacterial communities thriving on termite-
modified materials differ from those of soil or wood (34–38). However, these studies
provided only limited insight into the composition of bacterial communities and no
insight into the specificity of termite-bacterium associations. The few studies based on
high-throughput sequencing approaches, which allow taxonomic identification of
bacteria, provided conflicting results, either suggesting that microbial communities of
termite nests are similar to those of the surrounding soil (9) or showing that the fungal
combs of each Macrotermitinae species host unique bacterial communities (39).

In this study, we used high-throughput sequencing of 16S rRNA gene fragments to
compare the bacterial communities of termite bodies, termite galleries, and control
wood samples devoid of termite activities. We worked on the following three wood-
feeding termite species abundant in French Guiana lowland tropical rainforests: Cop-
totermes testaceus (Linnaeus, 1758), Heterotermes tenuis (Hagen, 1858) (both Rhinoter-
mitidae), and Nasutitermes octopilis Banks, 1918 (Termitidae: Nasutitermitinae). Using
this data set, we determined the influence of termites on the surrounding bacterial
communities and also identified both bacterial lineages with reduced abundance in the
presence of termites and bacterial lineages externally associated with termites.

RESULTS
Bacterial diversity. We analyzed a total of 258 samples of termite bodies, galleries,

and wood controls in foraging areas of 10 colonies of C. testaceus and N. octopilis and
11 colonies of H. tenuis. After quality filtering and removal of chimeras, we obtained an
average of 20,685 sequences of the V4 region of the bacterial 16S rRNA gene for each
of the 258 samples. 16S rRNA gene sequences were clustered into 4,864 operational
taxonomic units (OTUs) (3% sequence dissimilarity) represented by at least five se-
quences (see Table S1 in the supplemental material). The three diversity indices, Chao1,
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Evenness, and Shannon-Wiener, were significantly higher for samples of termite gal-
leries than for wood controls and termite bodies (Fig. 1). Chao1 indicated that termite
bodies hosted the poorest bacterial communities (P � 0.05), with no significant differ-
ences among termite species (Fig. 1). Evenness and Shannon-Wiener diversity indices
were the smallest for H. tenuis bodies, followed by C. testaceus bodies, and N. octopilis
bodies (P � 0.05) (Fig. 1).

Comparison of bacterial communities in termite bodies, termite galleries, and
termite-free wood controls. We found no significant difference among wood controls
associated with C. testaceus, H. tenuis, and N. octopilis (Table 1) and, therefore, pooled
wood controls together to investigate phylum composition. The samples of termite
galleries and wood controls had similar bacterial community composition at the
phylum level (Fig. 2). The dominant phylum was Proteobacteria, which on average made
up over 40% of the bacterial reads of termite galleries and wood controls. Acidobacteria
and Actinobacteria were also abundant and made up, on average, a minimum of 10%
of the bacterial sequences of termite galleries and wood controls. In comparison to
termite galleries and wood controls, Proteobacteria, Acidobacteria, and Actinobacteria
were rare in termite bodies. Instead, the bacterial communities of C. testaceus and H.
tenuis bodies were heavily dominated by Bacteroidetes, which, on average, made up
more than 75% of the bacterial reads. BLAST searches assigned most reads of Bacte-
roidetes in C. testaceus bodies to “Candidatus Azobacteroides” and “Candidatus Arman-
tifilum,” while the Bacteroidetes reads of H. tenuis bodies mostly belonged to “Candi-
datus Azobacteroides.” The bacterial communities of N. octopilis bodies were
dominated by Spirochaetes and Fibrobacteres, which, on average, made up 59.6% and
18.3% of the bacterial reads, respectively. BLAST searches showed that the 16S rRNA
gene sequences of Spirochaetes and Fibrobacteres in N. octopilis bodies were mostly
assigned to Treponema and putatively to Fibrobacter, respectively. The permutational
multivariate analysis of variance (PERMANOVA) yielded significant differences among
groups (F � 22.33; P � 10�6), including significant differences among termite species
(F � 14.773; r2 � 0.075; P � 10�5) and among sample types (body, gallery, and control
wood) (F � 34.636; r2 � 0.175; P � 10�5). Figure 3 shows the nonmetric multidimen-
sional scaling (NMDS) plot calculated for all samples and presents the bacterial com-
munities of C. testaceus, H. tenuis, and N. octopilis bodies as three disjunct clusters.
Termite galleries, as well as wood controls, also clustered by termite species, although
these clusters were more diffuse and largely overlapped. Pairwise PERMANOVA indi-
cated that the bacterial communities associated with C. testaceus, H. tenuis, and N.
octopilis bodies significantly differed from each other (Table 1). Similarly, the bacterial
communities of termite galleries significantly differed among termite species and
significantly differed from the corresponding wood controls in the case of C. testaceus
and N. octopilis but not in the case of H. tenuis, for which a Bonferroni correction made
the comparison only marginally significant (Table 1). Bacterial communities from bodies
of C. testaceus, H. tenuis, and N. octopilis significantly differed from communities
colonizing termite galleries and wood controls in all cases (Table 1).

Identification of termite-associated bacteria. We carried out redundancy analysis
(RDA) and considered OTUs from the 0.25th and 99.75th percentiles (Fig. 4). With this
approach, we identified 97 bacterial OTUs associated with termites, or partly excluded
by termites, of which many were independently identified for two or three of the
studied termite species (see Table S2 in the supplemental material). Of the 47 bacterial
OTUs detected to have nonrandom associations with C. testaceus (Fig. 4A), 14 OTUs
were body-associated bacteria and made up 68.1% of the bacterial community of C.
testaceus bodies; 18 OTUs were enriched in termite galleries, making up 28.3% of the
bacterial 16S rRNA gene sequences in termite galleries and 14.2% of the bacterial 16S
rRNA gene sequences in wood controls; and 15 OTUs were partly excluded by C.
testaceus, making up 24.8% and 3.2% of the bacterial 16S rRNA gene sequences in
wood controls and termite galleries, respectively. H. tenuis and N. octopilis provided
similar results. Of the 48 bacterial OTUs considered for H. tenuis (Fig. 4B), 15 OTUs were
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FIG 1 Box plot showing three diversity indices (Chao1, Evenness, and Shannon-Wiener) calculated for the
bacterial communities associated with the bodies and galleries of the termites Coptotermes testaceus,

(Continued on next page)
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body-associated bacteria and made up 80.8% of 16S rRNA gene sequences of H. tenuis
bodies; 17 OTUs were gallery-associated bacteria, making up 27.7% of the bacterial
community of termite galleries and 11.3% of the bacterial community of wood controls;
and 16 OTUs were partly excluded by H. tenuis, making up 24.7% and 6.7% of the 16S
rRNA gene sequences of the control and gallery samples, respectively. Lastly, of the 45
bacterial OTUs considered for N. octopilis (Fig. 4C), 15 were body-associated bacteria
and made up 60.3% of the termite bacterial community, 15 OTUs were gallery-
associated bacteria and made up 25.6% of the bacterial community of N. octopilis
galleries and 9.2% of the bacterial community of wood controls, and 15 OTUs were
partly excluded by N. octopilis and made up 34.9% of the bacterial 16S rRNA gene
sequences of wood control samples and 1.4% of the bacterial 16S rRNA gene sequences
of N. octopilis galleries (see Table S2).

DISCUSSION

In this study, we sequenced the bacterial communities associated with three termite
species, C. testaceus, H. tenuis, and N. octopilis. We demonstrated that termite galleries
host the most species-diverse bacterial communities, while termite bodies compara-
tively host species-poor bacterial communities. We found that the composition of
bacterial communities differs among termite bodies, termite galleries, and wood con-
trols devoid of visible termite activities in a species-specific manner. We also identified
97 abundant bacterial OTUs that are predominantly associated with termite bodies
(referred to as body-associated bacteria), termite galleries (referred to as gallery-
associated bacteria), or control wood samples (referred to as gallery-depleted bacteria).
Consequently, our results show that termites not only shape the bacterial communities
inside their gut (6, 7, 40) but also those in their environment.

The bacterial diversity indices calculated for the bodies of C. testaceus and H. tenuis
closely match those previously calculated for the related species Coptotermes niger (6).
Similarly, the bacterial diversity indices of Nasutitermes octopilis bodies closely match
those of Nasutitermes corniger and Nasutitermes takasagoensis (6). These results indicate
that our estimations of bacterial diversity are robust and reproducible. In addition,
these results also suggest that the phylogenetic relationships among termites are
predictive of the diversity of their bacterial communities.

FIG 1 Legend (Continued)
Heterotermes tenuis, and Nasutitermes octopilis and with wood controls. Boxes indicate the first and third
quartiles. The horizontal lines crossing boxes are medians. Whiskers indicate the 5th and 95th percentiles,
and black dots are outliers. Groups that do not share at least one capital letter are significantly different
(Tukey honestly significant difference [HSD] post hoc test, P � 0.05).

TABLE 1 Results of the pairwise PERMANOVA analysis

Compared groups F value r2 value P value Adjusted P value

C. testaceus bodies vs H. tenuis bodies 46.411 0.449 �10–5 �10–3

C. testaceus bodies vs N. octopilis bodies 88.668 0.626 �10–5 �10–3

H. tenuis bodies vs N. octopilis bodies 50.945 0.476 �10–5 �10–3

C. testaceus galleries vs H. tenuis galleries 2.256 0.038 �10–4 0.003
C. testaceus galleries vs N. octopilis galleries 2.425 0.044 �10–5 �10–3

H. tenuis galleries vs N. octopilis galleries 1.901 0.033 �10–3 0.022
C. testaceus galleries vs C. testaceus controls 2.929 0.052 �10–5 �10–3

H. tenuis galleries vs H. tenuis controls 2.057 0.033 0.002 0.07
N. octopilis galleries vs N. octopilis controls 3.443 0.062 �10–4 �10–3

C. testaceus bodies vs C. testaceus galleries 34.076 0.387 �10–5 �10–3

H. tenuis bodies vs H. tenuis galleries 22.625 0.274 �10–5 �10–3

N. octopilis bodies vs N. octopilis galleries 25.984 0.333 �10–5 �10–3

C. testaceus bodies vs C. testaceus controls 27.334 0.336 �10–5 �10–3

H. tenuis bodies vs H. tenuis controls 19.262 0.243 �10–5 �10–3

N. octopilis bodies vs N. octopilis controls 25.762 0.331 �10–5 �10–3

C. testaceus controls vs H. tenuis controls 1.036 0.018 0.365 1
C. testaceus controls vs N. octopilis controls 1.631 0.03 0.011 0.409
H. tenuis controls vs N. octopilis controls 1.537 0.027 0.025 0.891
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The bacterial communities associated with termite galleries are more diverse than
those found in termite bodies. Most OTUs found in termite bodies correspond to gut
bacterial lineages identified in previous studies (5–7, 40), indicating that the majority of
bacterial OTUs associated with termite bodies are gut specialists. The termite gut is a
highly specialized habitat, with extreme physicochemical properties, in some species
having a pH of �12 (41), and is largely populated by bacteria found nowhere else (3–5).
Although termite gut hosts among the most diverse communities of microbes found in
insects (42), the presence of a strong environmental filtering, preventing the coloniza-
tion of most bacterial species, might explain the low bacterial diversity observed in
termite guts when compared with that of termite galleries and wood controls.

We independently identified the 14 to 15 dominant body-associated bacterial OTUs
for each of the three termite species (Fig. 4; see also Table S2 in the supplemental
material). These OTUs made up 60.3 to 80.8% of the total bacterial 16S rRNA gene
sequences and were, in most cases, known to be associated with termite guts. For
example, the dominant gut symbiotic OTUs in C. testaceus were classified as “Candi-
datus Azobacteroides” and “Candidatus Armantifilum,” two bacterial lineages known to
be associated with termite gut protists (43, 44). “Candidatus Azobacteroides” was also
the dominant gut symbiotic OTU in H. tenuis. In N. octopilis, which belongs to Termiti-
dae, the only termite lineage that lost their gut protists (4), the dominant gut symbiotic
OTUs were assigned to the Spirochaeta (Spirochaetes) and Fibrobacter (Fibrobacteres)
genera. BLAST searches showed that our 16S rRNA gene sequences from these two
genera corresponded to Treponema and the Fibrobacteres sequences previously found
in the gut of other species of Nasutitermes (45, 46). Therefore, while our taxonomic
identifications were imprecise in some cases, they matched bacterial taxa known to
occur in termite guts and highlight the overwhelming dominance of a few bacterial
groups.

We found that the bacterial communities associated with termite galleries are
specific to termite species and differ from those of termite bodies and wood controls.
These results concur with previous studies that found that bacterial communities
associated with nests differ from those of surrounding soil and wood samples (7, 34, 37,
38). Exclusion experiments have also shown that termites influence the bacterial
communities in wood pieces (33). Importantly, our results show that the differences

FIG 2 Relative abundance of bacterial phyla associated with the bodies and galleries of the termites
Coptotermes testaceus, Heterotermes tenuis, and Nasutitermes octopilis and with wood controls.
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between galleries of different termite species and wood control samples are subtler
than those found for gut bacterial communities, suggesting that the gallery-associated
bacteria are loosely associated with termites. This raises the possibility that termites
established a symbiotic relationship with the bacterial communities associated with
their galleries in the absence of strict coevolution between the two partners as is
possibly common for many host-symbiont associations (47), including external symbi-
onts of termites (21, 22).

The identification of the main gallery-associated bacterial OTUs confirmed their
loose association with termites. We independently identified 15 to 18 bacterial OTUs
classified as gallery-associated bacteria for each of the three termite species (Fig. 4;
Table S2). These OTUs made up 25.6 to 28.3% of the 16S rRNA gene sequences of
termite galleries. However, in contrast to body-associated bacterial OTUs, many gallery-
associated bacterial OTUs were shared among termite species, and out of 28 OTUs
identified as gallery-associated bacteria, 8 were shared by all three termite species, and
6 were shared by two termite species. In addition, gallery-associated bacterial OTUs
were also present in wood controls, albeit in significantly lower abundances (only 9.2
to 14.3% of the 16S rRNA gene sequences). These results suggest that termite gallery-
associated bacteria are recruited from the surrounding environment as has been shown
for Coptotermes formosanus and its externally associated symbiotic Streptomyces bac-
teria (22). Lastly, we also found body-associated bacterial OTUs in termite galleries that
probably originated from DNA of dead or inactive bacterial cells. One such OTU is

FIG 3 Nonmetric multidimensional scaling of bacterial communities associated with the bodies and galleries of the termites
Coptotermes testaceus, Heterotermes tenuis, and Nasutitermes octopilis and with wood controls.
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FIG 4 Partial redundancy analysis of bacterial communities associated with termite bodies and galleries
and with wood controls. Coptotermes testaceus (A), Heterotermes tenuis (B), and Nasutitermes octopilis (C).
Taxonomic identification of OTUs is provided in Table S1 in the supplemental material.
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“Candidatus Azobacteroides,” a bacterium known to be the intracellular symbiont of
termite gut protists (43) and therefore clearly unable to live outside of the termite gut.

The gallery-associated bacterial OTUs identified in this study mostly belonged to
Proteobacteria and Actinobacteria, which are known to dominate the nest bacterial
communities of several Termitidae species (48). A total of 18 OTUs belonged to
Proteobacteria, including seven OTUs assigned to Rhizobiales, five of which were
identified as gallery-associated bacteria for each of the three termite species investi-
gated in this study. Many Rhizobiales are able to fix atmospheric nitrogen and have
developed symbiotic associations with plant roots (49). Whether they represent a
source of nitrogen for termites, supplementing the low levels of nitrogen found in the
wood they consume, remains to be determined. We also identified four gallery-
associated bacterial OTUs belonging to Actinobacteria, but none of them belonged to
Streptomyces. Therefore, unlike those previously found for C. formosanus (21, 22),
Streptomyces spp. do not appear to be important gallery-associated bacteria of C.
testaceus, H. tenuis, or N. octopilis. Several factors might be at the origin of the lower
prevalence of Streptomyces in our study compared to that found in C. formosanus (21,
22), including the differences among the studied ecosystems (i.e., tropical rainforest of
French Guiana versus urban parks in Florida) and the sampling approach, based on
visually located wood items colonized by termites (French Guiana) and carton material
sampled in bucket traps (Florida). However, because the low prevalence of Streptomy-
ces was shared among the three studied termite species, it is unlikely for termite
phylogenetic relationships to be at the origin of this pattern. Further studies are
required to decipher the exact role of gallery-associated bacteria.

Several bacterial OTUs were partly excluded from termite galleries. The 15 or 16
gallery-depleted bacterial OTUs that we identified for each termite species made up
24.7 to 34.9% of the 16S rRNA gene sequences in control wood samples but only 1.4
to 6.7% of the 16S rRNA gene sequences in termite galleries. These results are indicative
of the ability of termites to reduce the growth of some microbes in their direct
environment, possibly through the production of antimicrobial and antifungal com-
pounds, as has been shown in several termite species (21, 29). External symbionts of
termites are also known to produce antimicrobial compounds (20, 21), and it is possible
that some of the gallery-associated bacteria that we identified have this function.
Finally, the microclimatic conditions of termite galleries might also play a role in
shaping bacterial communities and reduce the abundance of gallery-depleted bacteria.

As is the case for gallery-associated bacteria, a large fraction of the 27 gallery-
depleted bacterial OTUs were identified to have reduced abundance in the galleries of
more than one termite species, including five gallery-depleted bacterial OTUs with
reduced abundance in the galleries of the three studied termite species and nine
gallery-depleted bacterial OTUs with reduced abundance in the galleries of two of the
three studied termite species. Many of the gallery-depleted bacterial OTUs belong to
ubiquitous genera, often found in soil and wood, but that are also known to include
animal pathogens, at least on a facultative basis. This includes, among others, OTUs
belonging to the genera Bacillus, Clostridium, Corynebacterium, and Staphylococcus.
Whether they are excluded because they represent potential threats to termite colonies
remains to be determined. Fungus-growing termites actively exclude fungal Pseudoxy-
laria pathogens from their Termitomyces fungus garden (20, 50). Alternatively, modifi-
cation of the physical and chemical properties of the direct environment of termites,
including that of their galleries (28), potentially affects bacterial community composi-
tion by promoting the growth of some bacteria at the cost of others. Additional
investigations are required to determine how termites affect their neighboring bacterial
communities. Our results show that as termites host specific microbial communities
inside their guts, specific microbial communities grow in their galleries.

MATERIALS AND METHODS
Study site and sampling. The fieldwork took place in November 2014 in the Nouragues Nature

Reserve (French Guiana; 04°05’N; 52°41’W). All samples were collected within 50 m of the network of
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paths of the Nouragues Research Station. The full sampling area was about 100 ha. We collected samples
of the following three species: Coptotermes testaceus, Heterotermes tenuis, and Nasutitermes octopilis.
Upon encountering one of these species, we collected one series of samples, all collected in the same
wood log, consisting of three termite samples (between 10 and 15 workers each), together with three
samples of their feeding substrates (approximately 1-cm3 piece of wood containing thin galleries) and
three control samples (approximately 1 cm3 of wood at least 10 cm away from the closest termite
galleries). Sterile vials and flame-sterilized forceps were used for the sampling. Sample replicates were
distant by more than 1 m. Occasionally, for small logs, only two samples of each type were collected. All
samples were preserved in RNAlater, stored at �20°C within 8 h following collection, and shipped to
Prague where they were stored at �80°C until DNA extraction. In total, we sampled wood with foraging
parties belonging to 10 colonies of C. testaceus and N. octopilis and 11 colonies of H. tenuis.

DNA extraction and PCR amplification. Total DNA was extracted using the Macherey-Nagel
NucleoSpin soil kit. For each termite sample, we homogenized whole individuals, including guts
(hereafter termed “bodies”), of up to 10 workers using two sterile steel beads (3-mm diameter) and a
Mixer Mill MM 400 set on 30 swings per second for 2 min. We carried out extractions as per the
manufacturer’s protocol, except for the lysis step that was shortened to 2 min of vortexing. Wood
samples were placed in a sterile 2-ml tube, frozen in liquid nitrogen, mechanically crushed with five
sterile steel beads for 1 min at 30 swings per second, and grinded with a Mixer Mill Retsch MM 400 for
10 min. Following the first grinding step, we added 550 �l of SL2 extraction buffer to the homogenized
material and repeated the grinding with the same settings. The lysis by vortexing was extended to
10 min, and precipitation of contaminants was carried out with 100 �l of SL3 buffer. Lysate was filtered
with 650 �l of supernatant. Silica membrane was dried for 3 min in a centrifuge. Finally, we added 50 �l
of SE buffer to the silica membrane and centrifuged for 45 s to elute the DNA. Each sample was handled
with flame-sterilized forceps.

PCRs were performed using the Thermo Scientific DyNAzyme II DNA polymerase kit. We used the
universal primers 515F and 806R targeting the V4 region of the 16S rRNA gene (51), combined with an
original combination of index reads. The PCRs contained 2.5 �l of 10� buffer for DyNAzyme II DNA
polymerase, 0.75 �l of bovine serum albumin (BSA) (20 mg/ml), 1 �l of each primer (0.01 mM), 0.5 �l of
PCR nucleotide mix (10 mM each), 0.75 �l of polymerase (2 U/�l DyNAzyme II DNA polymerase), and 1 �l
of template DNA. DNA concentration ranged between 10.3 and 41.4 ng/�l. PCRs were performed using
an Eppendorf Mastercycler (Eppendorf AG, Hamburg, Germany) nexus cycler, with the following settings:
initial denaturation at 94°C for 3 min; 30 cycles of 94°C for 45 s, 50°C for 1 min, 72°C for 45 s; and a final
extension step at 72°C for 10 min. We carried out three independent PCR amplifications for each sample,
combined the three replicates, and cleaned them using the MinElute PCR purification kit (Qiagen GmbH,
Hilden, Germany). Pooled PCR products were mixed in equimolar concentration and paired-end se-
quenced with an Illumina MiSeq sequencer (Illumina Inc., USA) using the V2 chemistry to produce 250-bp
paired-end reads. Sequence data are available on MG-RAST.

Data filtering. Raw paired-end reads were joined using fastq-join (52) and demultiplexed, filtered,
and trimmed using SEED v2.1 (53). Sequences with a mean Phred quality score of �30, as well as
sequences with mismatches in barcodes or ambiguous bases, were discarded. We also discarded all
bacterial sequences shorter than 200 bp or longer than 350 bp. A total of 5,863,706 bacterial sequences
were obtained after initial quality filtering.

OTU clustering and classification. Sequences were clustered into operational taxonomic units
(OTUs) (3% sequence dissimilarity) using UPARSE implemented in USEARCH v8.1.1861 (54). Chimeric
sequences were identified during clustering to OTUs using the UPARSE algorithm, and a total of 526,949
sequences were excluded from downstream analyses. To reduce the influence of contamination and to
minimize the effect of barcode hopping (55), all OTUs with fewer than five reads were discarded. We also
used previous Illumina run data to estimate the number of reads that potentially hopped among samples
for all OTUs and removed those reads.

The most abundant sequence from each OTU was used as a representative sequence for taxonomic
classification. Representative sequences were classified with the RDP classifier from the RDPTools
software v2.0.2 using the 16S rRNA gene reference database (56). Classification was verified using RDP
release 11 update 5, accessed on 30 September 2016 (57), which provided the closest BLAST hit for each
OTU. We used rrnDB v5.4 (58) to estimate the relative abundance of each OTU, considering the variable
number of 16S rRNA gene copies per bacterial genome as explained in Větrovský and Baldrian (59).

Diversity of bacterial communities in termite bodies, termite galleries, and wood controls. We
carried out all statistical analyses using a subsample of 3,000 sequences per sample. We used the Chao1
(60), Evenness (61), and Shannon-Wiener (62) indices to characterize the bacterial diversity of termite
bodies, termite galleries, and wood controls. The values of the three diversity indices were estimated
using SEED v2.1 (53) and visualized using the R package ggplot2 (63). To test the null hypothesis of no
effect of sample type and species on diversity indices, linear mixed effect models were fitted using the
function lme() implemented in the R package nlme (64). A factor with seven levels, created by combining
termite species and sample types, was fitted as the fixed part of the model, and a random structure of
the form �1|triplet/log was included in each model to account for the fact that measurements were
grouped in triplets, which, in turn, were nested in logs. Pairwise comparisons among groups were
performed with Tukey post hoc tests using the function lsmeans() of the R package lsmeans (65).

Comparison of bacterial communities in termite bodies, termite galleries, and wood controls.
We visualized the relative abundance of bacterial phyla for each sample type (body, gallery, and wood
control) using the R package ggplot2 (63). To test whether bacterial community composition differs
among termite bodies, termite galleries, and wood controls, we performed PERMANOVA (66) using the
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adonis function from the R package vegan (67). The response matrix was calculated using the Euclidian
distance on Hellinger-transformed bacterial composition, which resulted in a Hellinger distance matrix,
commonly used as a measure of resemblance (68). We used sample type (body, gallery, and wood
control) as the explanatory variable. Since samples were collected in series of dependent triplets (or
sometimes doublets) coming from a single log, with each triplet comprising three dependent samples
(one termite body sample, one gallery sample, and one wood control sample) collected near to each
other, the permutations were constrained to occur among samples of the same triplets, which were used
as a blocking factor. As such, we used the formula “termite-species*sample-type,” and the strata was set
to “data$triplets.” We compared termite species and sample types (body, gallery, or wood control) using
pairwise PERMANOVA implemented in the pairwiseAdonis R package (69). We used Bonferroni correc-
tions to adjust P values. Significance was assessed using 99,999 permutations.

We visualized the data set using nonmetric multidimensional scaling (NMDS) implemented with the
metaMDS function of the R package vegan (67). NMDS analysis was carried out using community data
regressed against logs and triplets. This procedure removed the effect of spatial variability inherent to the
experimental design.

Identification of termite-associated bacteria. To identify the bacterial OTUs contributing to the
separation between termite bodies, termite galleries, and wood controls, we used partial redundancy
analysis (partial RDA) (61). Each termite species was considered separately. For each RDA, we used
Hellinger-transformed bacterial OTU composition as a response matrix and sample type as fixed
explanatory factor. The effects of triplets and wood logs were removed by using logs and triplets as
conditioning factors in the partial RDA (see reference 61). We focused our efforts on the identification of
the main bacterial OTUs and considered those belonging to the 0.25th and 99.75th percentiles. Identified
OTUs were classified in one of the following three categories: body-associated bacteria (OTUs predom-
inantly found in termite guts), gallery-associated bacteria (OTUs predominantly found in termite galler-
ies), and gallery-depleted bacteria (OTUs predominantly found in control wood samples). Note that
generalist OTUs, showing a random distribution pattern, with no preference for termite bodies, termite
galleries, or control wood samples, are not considered further.

Data availability. The sequence data generated in this study are deposited in MG-RAST under
accession number mgm4904347.3.
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lab experiments. T. Větrovský, M. Kolařík, and I. Odriozola analyzed the data. P. Soukup
and T. Bourguignon wrote the paper with significant input from other coauthors. This
study was supervised from inception to completion by J. Šobotník.

REFERENCES
1. Bignell DE. 2011. Morphology, physiology, biochemistry and functional

design of the termite gut: an evolutionary wonderland, p 375– 412. In
Bignell DE, Roisin Y, Lo N (ed), Biology of termites: a modern synthesis.
Springer, Dordrecht, Netherlands.

2. Hongoh Y. 2011. Toward the functional analysis of uncultivable, symbi-
otic microorganisms in the termite gut. Cell Mol Life Sci 68:1311–1325.
https://doi.org/10.1007/s00018-011-0648-z.

3. Brune A. 2014. Symbiotic digestion of lignocellulose in termite guts. Nat
Rev Microbiol 12:168 –180. https://doi.org/10.1038/nrmicro3182.

4. Brune A, Dietrich C. 2015. The gut microbiota of termites: digesting the
diversity in the light of ecology and evolution. Annu Rev Microbiol
69:145–166. https://doi.org/10.1146/annurev-micro-092412-155715.

5. Bourguignon T, Lo N, Dietrich C, Šobotník J, Sidek S, Roisin Y, Brune A,

Evans TA. 2018. Rampant host switching shaped the termite gut micro-
biome. Curr Biol 28:649 – 654. https://doi.org/10.1016/j.cub.2018.01.035.

6. Dietrich C, Köhler T, Brune A. 2014. The cockroach origin of the termite
gut microbiota: patterns in bacterial community structure reflect major
evolutionary events. Appl Environ Microbiol 80:2261–2269. https://doi
.org/10.1128/AEM.04206-13.

7. Otani S, Mikaelyan A, Nobre T, Hansen LH, Koné NA, Sørensen SJ, Aanen
DK, Boomsma JJ, Brune A, Poulsen M. 2014. Identifying the core micro-
bial community in the gut of fungus-growing termites. Mol Ecol 23:
4631– 4644. https://doi.org/10.1111/mec.12874.

8. Mikaelyan A, Köhler T, Lampert N, Rohland J, Boga H, Meuser K, Brune A.
2015. Classifying the bacterial gut microbiota of termites and
cockroaches: a curated phylogenetic reference database (DictDb). Syst

Termite External Bacterial Communities Applied and Environmental Microbiology

January 2021 Volume 87 Issue 2 e02042-20 aem.asm.org 11

AQ: C

zam-aem/zam00221/zam0204d21z xppws S�5 11/24/20 8:08 4/Color Fig: 2,3,4 ArtID: 02042-20 DOI:10.1128/AEM.02042-20CE: KGL-smg

https://www.mg-rast.org/mgmain.html?mgpage=overview&metagenome=mgm4904347.3
https://doi.org/10.1007/s00018-011-0648-z
https://doi.org/10.1038/nrmicro3182
https://doi.org/10.1146/annurev-micro-092412-155715
https://doi.org/10.1016/j.cub.2018.01.035
https://doi.org/10.1128/AEM.04206-13
https://doi.org/10.1128/AEM.04206-13
https://doi.org/10.1111/mec.12874
https://aem.asm.org


Appl Microbiol 38:472– 482. https://doi.org/10.1016/j.syapm.2015.07
.004.

9. Makonde HM, Mwirichia R, Osiemo Z, Boga HI, Klenk H-P. 2015. 454
Pyrosequencing-based assessment of bacterial diversity and community
structure in termite guts, mounds and surrounding soils. SpringerPlus
4:471. https://doi.org/10.1186/s40064-015-1262-6.

10. Manjula A, Pushpanathan M, Sathyavathi S, Gunasekaran P, Rajendhran
J. 2016. Comparative analysis of microbial diversity in termite gut and
termite nest using ion sequencing. Curr Microbiol 72:267–275. https://
doi.org/10.1007/s00284-015-0947-y.

11. Rouland-Lefèvre C. 2000. Symbiosis with fungi, p 289 –306. In Abe T,
Bignell DE, Higashi M (ed), Termites: evolution, sociality, symbioses,
ecology. Springer, Netherlands, Dordrecht.

12. Krishna K, Grimaldi DA, Krishna V, Engel MS. 2013. Treatise on the
Isoptera of the world: introduction. Bull Am Museum Natural History
2013:1–200. https://doi.org/10.1206/377.1.

13. Mossebo D, Essouman EPF, Machouart M, Gueidan C. 2017. Phylogenetic
relationships, taxonomic revision and new taxa of Termitomyces (Lyophyl-
laceae, Basidiomycota) inferred from combined nLSU- and mtSSU-rDNA
sequences. Phytotaxa 321:71–102. https://doi.org/10.11646/phytotaxa
.321.1.3.

14. Aanen DK, Eggleton P, Rouland-Lefèvre C, Guldberg-Frøslev T, Rosend-
ahl S, Boomsma JJ. 2002. The evolution of fungus-growing termites and
their mutualistic fungal symbionts. Proc Natl Acad Sci U S A 99:
14887–14892. https://doi.org/10.1073/pnas.222313099.

15. Nobre T, Koné NA, Konaté S, Linsenmair KE, Aanen DK. 2011. Dating
the fungus-growing termites’ mutualism shows a mixture between
ancient codiversification and recent symbiont dispersal across diver-
gent hosts. Mol Ecol 20:2619 –2627. https://doi.org/10.1111/j.1365
-294X.2011.05090.x.

16. Garnier-Sillam E, Toutain F, Villemin G, Renoux J. 1989. Études prélimi-
naires des meules originales du termite xylophage Sphaerotermes spha-
erothorax (Sjostedt). Ins Soc 36:293–312. https://doi.org/10.1007/
BF02224882.

17. Donovan SE, Eggleton P, Bignell DE. 2001. Gut content analysis and a
new feeding group classification of termites. Ecol Entomol 26:356 –366.
https://doi.org/10.1046/j.1365-2311.2001.00342.x.

18. Bourguignon T, Šobotník J, Lepoint G, Martin J-M, Hardy OJ, Dejean A,
Roisin Y. 2011. Feeding ecology and phylogenetic structure of a complex
neotropical termite assemblage, revealed by nitrogen stable isotope
ratios. Ecol Entomol 36:261–269. https://doi.org/10.1111/j.1365-2311
.2011.01265.x.

19. Rosengaus RB, Traniello JFA, Bulmer MS. 2011. Ecology, behavior and
evolution of disease resistance in termites, p 165–191. In Bignell DE,
Roisin Y, Lo N (ed), Biology of termites: a modern synthesis. Springer,
Netherlands, Dordrecht.

20. Visser AA, Nobre T, Currie CR, Aanen DK, Poulsen M. 2012. Exploring the
potential for actinobacteria as defensive symbionts in fungus-growing
termites. Microb Ecol 63:975–985. https://doi.org/10.1007/s00248-011
-9987-4.

21. Chouvenc T, Efstathion CA, Elliott ML, Su N-Y. 2013. Extended disease
resistance emerging from the faecal nest of a subterranean termite. Proc
Biol Sci 280:20131885. https://doi.org/10.1098/rspb.2013.1885.

22. Chouvenc T, Elliott ML, Šobotník J, Efstathion CA, Su N-Y. 2018. The
termite fecal nest: a framework for the opportunistic acquisition of
beneficial soil Streptomyces (Actinomycetales: Streptomycetaceae). Envi-
ron Entomol 47:1431–1439. https://doi.org/10.1093/ee/nvy152.

23. Bulmer MS, Bachelet I, Raman R, Rosengaus RB, Sasisekharan R. 2009.
Targeting an antimicrobial effector function in insect immunity as a pest
control strategy. Proc Natl Acad Sci U S A 106:12652–12657. https://doi
.org/10.1073/pnas.0904063106.

24. Bulmer MS, Lay F, Hamilton C. 2010. Adaptive evolution in subterranean
termite antifungal peptides. Insect Mol Biol 19:669 – 674. https://doi.org/
10.1111/j.1365-2583.2010.01023.x.

25. Bulmer MS, Denier D, Velenovsky J, Hamilton C. 2012. A common
antifungal defense strategy in Cryptocercus woodroaches and termites.
Insect Soc 59:469 – 478. https://doi.org/10.1007/s00040-012-0241-y.

26. Rosengaus RB, Guldin MR, Traniello JFA. 1998. Inhibitory effect of termite
fecal pellets on fungal spore germination. J Chem Ecol 24:1697–1706.
https://doi.org/10.1023/A:1020872729671.

27. He S, Johnston PR, Kuropka B, Lokatis S, Weise C, Plarre R, Kunte H-J,
McMahon DP. 2018. Termite soldiers contribute to social immunity by
synthesizing potent oral secretions. Insect Mol Biol 27:564 –576. https://
doi.org/10.1111/imb.12499.

28. Noirot C, Darlington JPEC. 2000. Termite nests: architecture, regulation
and defence, p 121–139. In Abe T, Bignell DE, Higashi M (ed), Termites:
evolution, sociality, symbioses, ecology. Springer, Netherlands, Dor-
drecht.

29. Rosengaus RB, Mead K, Du Comb WS, Benson RW, Godoy VG. 2013. Nest
sanitation through defecation: antifungal properties of wood cockroach
feces. Naturwissenschaften 100:1051–1059. https://doi.org/10.1007/
s00114-013-1110-x.

30. Wood TG, Sands WA. 1978. The role of termites in ecosystems, p
245–292. In Brian MV (ed), Production ecology of ants and termites.
Cambridge University Press, Cambridge, UK.

31. Ulyshen MD, Wagner TL. 2013. Quantifying arthropod contributions to
wood decay. Methods Ecol Evol 4:345–352. https://doi.org/10.1111/2041
-210x.12012.

32. Ulyshen MD, Wagner TL, Mulrooney JE. 2014. Contrasting effects of
insect exclusion on wood loss in a temperate forest. Ecosphere 5:art47-
15. https://doi.org/10.1890/ES13-00365.1.

33. Ulyshen MD. 2016. Wood decomposition as influenced by invertebrates.
Biol Rev Camb Philos Soc 91:70 – 85. https://doi.org/10.1111/brv.12158.

34. Jouquet P, Ranjard L, Lepage M, Lata JC. 2005. Incidence of fungus-
growing termites (Isoptera, Macrotermitinae) on the structure of soil
microbial communities. Soil Biol Biochem 37:1852–1859. https://doi.org/
10.1016/j.soilbio.2005.02.017.

35. Jouquet P, Traoré S, Choosai C, Hartmann C, Bignell D. 2011. Influence of
termites on ecosystem functioning. Ecosystem services provided by
termites. Eur J Soil Biol 47:215–222. https://doi.org/10.1016/j.ejsobi.2011
.05.005.

36. Fall S, Nazaret S, Chotte JL, Brauman A. 2004. Bacterial density and
community structure associated with aggregate size fractions of soil-
feeding termite mounds. Microb Ecol 48:191–199. https://doi.org/10
.1007/s00248-003-1047-2.

37. Fall S, Hamelin J, Ndiaye F, Assigbetse K, Aragno M, Chotte JL, Brauman
A. 2007. Differences between bacterial communities in the gut of a
soil-feeding termite (Cubitermes niokoloensis) and its mounds. Appl En-
viron Microbiol 73:5199 –5208. https://doi.org/10.1128/AEM.02616-06.

38. Kirker GT, Wagner TL, Diehl SV. 2012. Relationship between wood-
inhabiting fungi and Reticulitermes spp. in four forest habitats of north-
eastern Mississippi. Int Biodeterior Biodegrad 72:18 –25. https://doi.org/
10.1016/j.ibiod.2012.04.011.

39. Otani S, Hansen LH, Sørensen SJ, Poulsen M. 2016. Bacterial communities
in termite fungus combs are comprised of consistent gut deposits and
contributions from the environment. Microb Ecol 71:207–220. https://
doi.org/10.1007/s00248-015-0692-6.

40. Mikaelyan A, Dietrich C, Köhler T, Poulsen M, Sillam-Dussès D, Brune A.
2015. Diet is the primary determinant of bacterial community structure
in the guts of higher termites. Mol Ecol 24:5284 –5295. https://doi.org/
10.1111/mec.13376.

41. Brune A, Kühl M. 1996. pH profiles of the extremely alkaline hindguts of
soil-feeding termites (Isoptera: Termitidae) determined with microelec-
trodes. J Insect Physiol 42:1121–1127. https://doi.org/10.1016/S0022
-1910(96)00036-4.

42. Colman DR, Toolson EC, Takacs-Vesbach CD. 2012. Do diet and taxon-
omy influence insect gut bacterial communities? Mol Ecol 21:
5124 –5137. https://doi.org/10.1111/j.1365-294X.2012.05752.x.

43. Hongoh Y, Sharma V, Prakash T, Noda S, Toh H, Taylor T, Kudo T, Sakaki
Y, Toyoda A, Hattori M, Ohkuma M. 2008. Genome of an endosymbiont
coupling N2 fixation to cellulolysis within protist cells in termite gut.
Science 322:1108 –1109. https://doi.org/10.1126/science.1165578.

44. Desai MS, Strassert JFH, Meuser K, Hertel H, Ikeda-Ohtsubo W, Radek R,
Brune A. 2010. Strict cospeciation of devescovinid flagellates and Bac-
teroidales ectosymbionts in the gut of dry-wood termites (Kalotermiti-
dae). Environ Microbiol 12:2120 –2132. https://doi.org/10.1111/j.1462
-2920.2009.02080.x.

45. Köhler T, Dietrich C, Scheffrahn RH, Brune A. 2012. High-resolution
analysis of gut environment and bacterial microbiota reveals functional
compartmentation of the gut in wood-feeding higher termites (Nasuti-
termes spp.). Appl Environ Microbiol 78:4691– 4701. https://doi.org/10
.1128/AEM.00683-12.

46. Mikaelyan A, Strassert JFH, Tokuda G, Brune A. 2014. The fibre-associated
cellulolytic bacterial community in the hindgut of wood-feeding higher
termites (Nasutitermes spp.). Environ Microbiol 16:2711–2722. https://doi
.org/10.1111/1462-2920.12425.

47. Moran NA, Sloan DB. 2015. The hologenome concept: helpful or hollow?
PLoS Biol 13:e1002311. https://doi.org/10.1371/journal.pbio.1002311.

Soukup et al. Applied and Environmental Microbiology

January 2021 Volume 87 Issue 2 e02042-20 aem.asm.org 12

AQ: D

zam-aem/zam00221/zam0204d21z xppws S�5 11/24/20 8:08 4/Color Fig: 2,3,4 ArtID: 02042-20 DOI:10.1128/AEM.02042-20CE: KGL-smg

https://doi.org/10.1016/j.syapm.2015.07.004
https://doi.org/10.1016/j.syapm.2015.07.004
https://doi.org/10.1186/s40064-015-1262-6
https://doi.org/10.1007/s00284-015-0947-y
https://doi.org/10.1007/s00284-015-0947-y
https://doi.org/10.1206/377.1
https://doi.org/10.11646/phytotaxa.321.1.3
https://doi.org/10.11646/phytotaxa.321.1.3
https://doi.org/10.1073/pnas.222313099
https://doi.org/10.1111/j.1365-294X.2011.05090.x
https://doi.org/10.1111/j.1365-294X.2011.05090.x
https://doi.org/10.1007/BF02224882
https://doi.org/10.1007/BF02224882
https://doi.org/10.1046/j.1365-2311.2001.00342.x
https://doi.org/10.1111/j.1365-2311.2011.01265.x
https://doi.org/10.1111/j.1365-2311.2011.01265.x
https://doi.org/10.1007/s00248-011-9987-4
https://doi.org/10.1007/s00248-011-9987-4
https://doi.org/10.1098/rspb.2013.1885
https://doi.org/10.1093/ee/nvy152
https://doi.org/10.1073/pnas.0904063106
https://doi.org/10.1073/pnas.0904063106
https://doi.org/10.1111/j.1365-2583.2010.01023.x
https://doi.org/10.1111/j.1365-2583.2010.01023.x
https://doi.org/10.1007/s00040-012-0241-y
https://doi.org/10.1023/A:1020872729671
https://doi.org/10.1111/imb.12499
https://doi.org/10.1111/imb.12499
https://doi.org/10.1007/s00114-013-1110-x
https://doi.org/10.1007/s00114-013-1110-x
https://doi.org/10.1111/2041-210x.12012
https://doi.org/10.1111/2041-210x.12012
https://doi.org/10.1890/ES13-00365.1
https://doi.org/10.1111/brv.12158
https://doi.org/10.1016/j.soilbio.2005.02.017
https://doi.org/10.1016/j.soilbio.2005.02.017
https://doi.org/10.1016/j.ejsobi.2011.05.005
https://doi.org/10.1016/j.ejsobi.2011.05.005
https://doi.org/10.1007/s00248-003-1047-2
https://doi.org/10.1007/s00248-003-1047-2
https://doi.org/10.1128/AEM.02616-06
https://doi.org/10.1016/j.ibiod.2012.04.011
https://doi.org/10.1016/j.ibiod.2012.04.011
https://doi.org/10.1007/s00248-015-0692-6
https://doi.org/10.1007/s00248-015-0692-6
https://doi.org/10.1111/mec.13376
https://doi.org/10.1111/mec.13376
https://doi.org/10.1016/S0022-1910(96)00036-4
https://doi.org/10.1016/S0022-1910(96)00036-4
https://doi.org/10.1111/j.1365-294X.2012.05752.x
https://doi.org/10.1126/science.1165578
https://doi.org/10.1111/j.1462-2920.2009.02080.x
https://doi.org/10.1111/j.1462-2920.2009.02080.x
https://doi.org/10.1128/AEM.00683-12
https://doi.org/10.1128/AEM.00683-12
https://doi.org/10.1111/1462-2920.12425
https://doi.org/10.1111/1462-2920.12425
https://doi.org/10.1371/journal.pbio.1002311
https://aem.asm.org


48. Hellemans S, Marynowska M, Drouet T, Lepoint G, Fournier D, Calusinska
M, Roisin Y. 2019. Nest composition, stable isotope ratios and microbiota
unravel the feeding behaviour of an inquiline termite. Oecologia 191:
541–553. https://doi.org/10.1007/s00442-019-04514-w.

49. van Rhijn P, Vanderleyden J. 1995. The Rhizobium-plant symbiosis.
Microbiol Rev 59:124 –142. https://doi.org/10.1128/MMBR.59.1.124-142
.1995.

50. Shinzato N, Muramatsu M, Watanabe Y, Matsui T. 2005. Termite-
regulated fungal monoculture in fungus combs of a Macrotermitine
termite Odontotermes formosanus. Zoolog Sci 22:917–922. https://doi
.org/10.2108/zsj.22.917.

51. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
Turnbaugh PJ, Fierer N, Knight R. 2011. Global patterns of 16S rRNA
diversity at a depth of millions of sequences per sample. Proc Natl Acad
Sci U S A 108:4516 – 4522. https://doi.org/10.1073/pnas.1000080107.

52. Aronesty E. 2011. Command-line tools for processing biological se-
quencing data. https://github.com/ExpressionAnalysis/ea-utils. Accessed
3 June 2015.

53. Vetrovský T, Baldrian P, Morais D. 2018. SEED 2: a user-friendly platform
for amplicon high-throughput sequencing data analyses. Bioinformatics
34:2292–2294. https://doi.org/10.1093/bioinformatics/bty071.

54. Edgar RC. 2013. UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat Methods 10:996 –998. https://doi.org/10.1038/
nmeth.2604.

55. Thomas D, Vandegrift R, Bailes G, Roy B. 2017. Understanding and
mitigating some limitations of Illumina© MiSeq for environmental se-
quencing of fungi. bioRxiv https://doi.org/10.1101/184960.

56. Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naïve Bayesian classifier
for rapid assignment of rRNA sequences into the new bacterial taxon-
omy. Appl Environ Microbiol 73:5261–5267. https://doi.org/10.1128/AEM
.00062-07.

57. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT,
Porras-Alfaro A, Kuske CR, Tiedje JM. 2014. Ribosomal Database Project:

data and tools for high throughput rRNA analysis. Nucleic Acids Res
42:D633–D642. https://doi.org/10.1093/nar/gkt1244.

58. Stoddard SF, Smith BJ, Hein R, Roller BRK, Schmidt TM. 2015. rrnDB:
improved tools for interpreting rRNA gene abundance in bacteria and
archaea and a new foundation for future development. Nucleic Acids
Res 43:D593–D598. https://doi.org/10.1093/nar/gku1201.
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