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SPECIAL ISSUE: THE HOST-ASSOCIATED MICROBIOME:
PATTERN, PROCESS, AND FUNCTION

Can social partnerships influence the microbiome? Insights
from ant farmers and their trophobiont mutualists
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Abstract
Mutualistic interactions with microbes have played a crucial role in the evolution
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and ecology of animal hosts. However, it is unclear what factors are most important
in influencing particular host–microbe associations. While closely related animal species may have more similar microbiota than distantly related species due to phylogenetic contingencies, social partnerships with other organisms, such as those in
which one animal farms another, may also influence an organism’s symbiotic microbiome. We studied a mutualistic network of Brachymyrmex and Lasius ants farming
several honeydew-producing Prociphilus aphids and Rhizoecus mealybugs to test
whether the mutualistic microbiomes of these interacting insects are primarily correlated with their phylogeny or with their shared social partnerships. Our results confirm a phylogenetic signal in the microbiomes of aphid and mealybug trophobionts,
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with each species harbouring species-specific endosymbiont strains of Buchnera
(aphids), Tremblaya and Sodalis (mealybugs), and Serratia (both mealybugs and
aphids) despite being farmed by the same ants. This is likely explained by strict vertical transmission of trophobiont endosymbionts between generations. In contrast,
our results show the ants’ microbiome is possibly shaped by their social partnerships, with ants that farm the same trophobionts also sharing strains of sugar-processing Acetobacteraceae bacteria, known from other honeydew-feeding ants and
which likely reside extracellularly in the ants’ guts. These ant–microbe associations
are arguably more “open” and subject to horizontal transmission or social transmission within ant colonies. These findings suggest that the role of social partnerships
in shaping a host’s symbiotic microbiome can be variable and is likely dependent on
how the microbes are transmitted across generations.
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1 | INTRODUCTION

metabolic pathways (Pauli et al., 2014; Pinto-Tomas et al., 2009;
Raychoudhury et al., 2013), increase protection against natural ene-

Across the tree of life, animals form partnerships with microbes,

mies (Kaltenpoth et al., 2014; Rangan et al., 2016) and even boost

allowing them to colonize new habitats (Dubilier, Bergin, & Lott,

their reproductive output under certain ecological conditions (Montl-

2008; Mueller, Mikheyev, Hong, et al., 2011), utilize unique

lor, Maxmen, & Purcell, 2002; Oliver, Degnan, Burke, & Moran,
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2010). Hosts show a huge range of dependencies on these microbial

in Appendix S1). Subterranean Lasius and Brachymyrmex ants farm

partners, with some becoming so tightly associated that the formerly

multiple species of aphids and mealybugs (their “trophobionts”) often

independent partners evolve into a single integrated organism

in the same underground root chambers for “milk” (i.e. honeydew)

(Fisher, Henry, Cornwallis, Kiers, & West, 2017; Gruber-Vodicka

and, occasionally, “meat” for protein (Ellison, Gotelli, Farnsworth, &

et al., 2011; Husnik et al., 2013; Van Leuven, Meister, Simon, &

Alpert, 2012; Ivens, 2015; Ivens, Kronauer, Pen, Weissing, &

McCutcheon, 2014; West, Fisher, Gardner, & Kiers, 2015). In these

Boomsma, 2012a; Pontin, 1978). It is likely that the ants depend on

cases, physical, genomic and metabolic integration can drive partner

the aphid and mealybug honeydew as their sole sugar supply, as well

interests to be closely aligned, leading to mutual dependence and

as amino acids via honeydew and predation (Ivens, 2015; Ivens

loss of autonomy (Gruber-Vodicka et al., 2011; Husnik et al., 2013;

et al., 2012a; Pontin, 1978; Way, 1963). In return for these nutri-

Kiers & West, 2015; Moran, McCutcheon, & Nakabachi, 2008).

tional benefits, the ants actively protect the trophobionts against

Often, these partnerships form the basis of evolutionary innovation,

predators and provide hygienic services that are key to trophobiont

with the microbes’ services allowing their hosts to evolve traits and

survival (Bach, 1991; El-Ziady & Kennedy, 1956; Ivens, 2015; Paul,

behaviours to tap into novel resources (Joy, 2013; Moran, 2007).

€ lfer, 1958).
1977; Way, 1963; Zwo

This includes farming behaviour, in which hosts promote and control

These farmed mealybugs (Figure 1a) and aphids (Figure 1b)

growth, reproduction and often dispersal of the symbiotic microbes

reside in nests of the same host ants and are therefore engaged in

or other organisms on which they rely for food (Brock, Douglas,

similar social partnerships, meaning they are farmed under nearly

Queller, & Strassmann, 2011; Chomicki & Renner, 2016; Hata &

identical abiotic and biotic conditions (Figures 1c and Figure S1 in

Kato, 2006; Ivens, 2015; Mueller, Gerardo, Aanen, Six, & Schultz,

Appendix S1). In addition, both groups of organisms rely heavily on

2005; Pauli et al., 2014).

bacterial endosymbionts that facilitate their ability to feed off similar

To successfully access new habitats and resources, however,

sugar-rich, but otherwise nutrient-poor, plant phloem sap (Douglas,

partnerships need to be reliable (Chomicki, Janda, & Renner, 2017;

1998; Husnik & McCutcheon, 2016; Oliver et al., 2010). In aphids,

Meseguer et al., 2017; Mueller, Mikheyev, Solomon, & Cooper,

the primary, obligate, endosymbiont is Buchnera aphidicola (Enter-

2011; Simonsen, Dinnage, Barrett, Prober, & Thrall, 2017; Sudakaran,

obacteriaceae), which is known to be vertically transmitted and to

Salem, Kost, & Kaltenpoth, 2012). Especially in cases where microbes

cospeciate with its insect hosts (Douglas, 1998; Jousselin, Desde-

do not become physically integrated with their hosts, such as farm-

vises, & D’acier, 2009; Novakova et al., 2013). Buchnera is often

ing mutualisms, environmental context plays a major role in the

complemented by secondary, facultative, endosymbionts such as Ser-

availability and suitability of particular microbial consortiums (Kal-

ratia symbiotica and Hamiltonella defensa (both Enterobacteriaceae;

tenpoth et al., 2014; McFall-Ngai, 2008; Poulsen, Fernandez-Marin,

Henry et al., 2013, 2015; Russell & Moran, 2006). Similarly, mealy-

Currie, & Boomsma, 2009). While we know that context matters, it

bugs harbour the primary, obligate and vertically transmitted

is unclear what factors are most important in driving the reliability of

endosymbiont Candidatus Tremblaya princeps (Betaproteobacteria,

particular host–microbe associations. For example, phylogenetic

hereafter referred to as Tremblaya). Tremblaya, in turn, often carries

relatedness and associated traits, such as transmission mode and

another intracellular Gammaproteobacterium such as Moranella (von

compatibilities, are likely important, such that closely related species

Dohlen, Kohler, Alsop, & McManus, 2001; Husnik & McCutcheon,

have more similar microbiota than distantly related species, (Ander-

2016; Husnik et al., 2013; McCutcheon & von Dohlen, 2011). These

son et al., 2012; Brucker & Bordenstein, 2013; Currie et al., 2003;

Sternorrhyncha endosymbionts typically occur intracellularly. Extra-

Groussin et al., 2017; Henry, Maiden, Ferrari, & Godfray, 2015; San-

cellular (gut) bacteria have so far only been described for a couple of

ders et al., 2014). However, social partnerships of the host with

species and are thought to occur as opportunists or pathogens

other animals, such as intimate mutualistic farming relationships, are

rather than specialised beneficial symbionts (Clark, Daniell, Wishart,

also key. It is well known that physical interactions with other organ-

, 1994; Harada,
Hubbard, & Karley, 2012; Grenier, Nardon, & Rahbe

isms can influence an organism’s symbiotic microbiome, sourcing and

Oyaizu, & Ishikawa, 1996; Sreerag, Jayaprakas, Ragesh, & Kumar,

reinforcing specific microbial associations (Gonella et al., 2015; Lax

2014).

et al., 2014; Macke, Tasiemski, Massol, Callens, & Decaestecker,

Despite similarities in habitat, overall lifestyle, and their general

2017; Pringle & Moreau, 2017; Sintupachee, Milne, Poonchaisri, Bai-

dependence on endosymbionts, mealybugs and aphids, as well as

mai, & Kittayapong, 2006; Song et al., 2013; Stahlhut et al., 2010).

their respective endosymbionts, are only distantly related in phyloge-

Often the relative importance of these factors is difficult to untangle

netic terms. This provides the unique opportunity to explore the

because it is challenging to find examples of distantly related species

influence of phylogeny versus social partnerships. Given their reli-

that share nearly identical social partnerships and physical environ-

ance on vertically transmitted endosymbionts, it is expected that the

ments.

aphid and mealybug microbiota are strongly correlated with the tro-

The recent characterization of a set of overlapping farming mutu-

phobionts’ respective phylogenies. However, their overlapping social

alisms allows us to look more closely at the role of phylogeny versus

partnerships could also contribute to shaping the trophobionts’

social partnerships in determining host–microbe symbiotic associa-

microbiota, for example by increasing opportunities for horizontal

tions. These mutualisms involve two types of honeydew-producing

transfer by feeding on the same host plants, as has previously been

insects that are farmed by several ant species (Figure 1 and Figure S1

described for transfer of bacterial symbionts among other arthropod
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(c)

F I G U R E 1 Lasius ants tending (a) Rhizoecus mealybugs, (b) Prociphilus aphids and (c) a mixed live stock of mealybugs and aphids on the
underside of rocks covering their nests in Millbrook, New York (photos: A.B.F. Ivens)

taxa (Gonella et al., 2015; Sintupachee et al., 2006; Stahlhut et al.,

observation between 2013 and 2017; Figure S1 in Appendix S1, S.

2010). Because multiple species of both groups reside in the ants’

A. Schneider, personal communication). Generally, most aphid spe-

nests, we can begin to tease apart these different factors.

cies are found in nests of all ant species at similar frequencies, given

Like the farmed trophobionts, the different species of ants face

their differences in abundance. Mealybugs R. spp. 3 and 4 are also

similar selection pressures from farming the same trophobionts in

both found in nests of the three most common ants, but the rarer

similar, and rather extreme habitats. For example, they likely harbour

mealybug species R. spp. 1, 2 and 5 are restricted to the nests of

gut bacteria that allow them to live off the sugary honeydew of their

the rarer ant species L. flavus and B. depilis (Figure S1 in

trophobionts (Russell, Sanders, & Moreau, 2017). We might, there-

Appendix S1).

fore, expect the different ant species to show overlap in their core

Ants, aphids and mealybugs were collected from 143 unique ant

symbiotic microbiota. Alternatively, the symbiotic microbiota of the

nests between 2013 and 2016, mostly during the months of April—

ants may be correlated with phylogeny, resulting in a unique micro-

June (Table S1 in Appendix S2). The vast majority of sampling took

biome in each ant species. Testing this hypothesis is challenging

place in Millbrook, New York, USA (41.767897, 73.750848) with

because the exact phylogenetic relationships of the Lasius ants have

the exception of two sets of samples from Annandale-on-Hudson,

yet to be worked out in more detail. However, if we find different

New York. All nests were marked, and their GPS coordinates logged

ant species sharing microbiota, then this would suggest a potentially

for future resampling.

larger role for the ants’ social environment.

Immediately after collection, we stored most insect samples in

Here, we test whether the symbiotic microbiomes of interacting

absolute EtOH at 30°C awaiting further analysis. Of each tropho-

aphids, mealybugs and ants are exclusively a function of phylogeny,

biont chamber (defined as a cluster of aphids or mealybugs on a rock

or whether the social farming partnerships also have some predictive

surface [Figure 1] or tree root), one individual was stored in 70%

power. To this end, we used a DNA barcoding approach on ants,

EtOH, then heated for 2 minutes at 60°C and stored at room tem-

aphids and mealybugs collected from nests of five North American

perature in preparation for slide mounting for taxonomic purposes.

ant species in Millbrook, New York. We asked (i) do the different

Slide mounted specimens are stored at De Vrije Universiteit Amster-

trophobionts farmed by ants share a similar microbiome and (ii) do

dam and are available upon request.

ants that farm the same trophobionts share a core symbiotic microbiome with each other, and even with their trophobionts?

From each sample containing ants, we used one individual
worker for species identification, combining COI barcoding with morphological identification of the subsequently pinned specimen (Elli-

2 | MATERIALS AND METHODS
2.1 | Species diversity and sample collection

son et al., 2012). Specimens stored at The Rockefeller University,
New York, are available upon request.
Samples were then subjected to different barcoding approaches
as follows: Illumina MiSeq microbiome profiling, Sanger sequencing

The mutualistic network is composed of two groups of insects: the

of insect hosts and specific bacterial endosymbionts, or a combina-

ant farmers in the genera Lasius (Formicinae) and Brachymyrmex

tion of both (Table S1 in Appendix S2). Samples that repeatedly

(Formicinae) (five species, L. claviger, L. umbratus, and L. nearcticus

failed to amplify or that yielded mixed traces in Sanger sequencing, a

[common], as well as L. flavus and B. depilis [rare]) (Ellison et al.,

sign of contamination, were excluded from further analysis. In total,

2012). The group of farmed trophobionts consists of two types of

this study includes data on 602 samples: 21 controls (1 positive, 20

Sternorrhyncha: Rhizoecus (Pseudococcidae) mealybugs (unclassified

negative), two honeydew samples, 129 ants, 340 aphids and 111

species 1–5) and at least nine Prociphilus (Eriosomatinae) (P. pro-

mealybugs (Table S1 in Appendix S2). In total, 446 samples were

bosceus, P. fraxinifolii, P. longianus, P. erigeronensis and cryptic species

included for microbiome profiling in one or more of four MiSeq runs

therein) and Pemphigini aphids (very rare, with only a single

(MS1, MS2MS3 [consisting of two MiSeq lanes], MS4, MS5). These
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samples included 20 controls, 129 ants (Brachymyrmex depilis n = 2,

In MiSeq run MS4, two honeydew samples were included, as a

Lasius flavus n = 3, L. claviger n = 55, L. nearcticus n = 14 and L. um-

pilot for screening for the bacterial presence in the honeydew that is

bratus n = 55), 76 mealybugs (Rhizoecus sp.1 n = 8, Rhizoecus sp.2

transferred from aphids to ants. The samples were collected from

n = 5, Rhizoecus sp.3 n = 42, Rhizoecus sp.4 n = 21; Rhizoecus sp.5

P. longianus aphids (nest M172) and obtained by lightly touching the

was not included due to its rarity) and 219 aphids (Prociphilus fraxini-

aphid’s abdomen with a minute pin, shortly after the aphids had been

folii n = 1, P. probosceus n = 8, P. erigeronensis n = 107 and P. lon-

collected from the field. This “milking” yielded ~0.5 ll honeydew per

gianus n = 103; P. caryae and the unclassified Pemphigini aphids

aphid, taken up in 0.5 ll Drummond Microcapsâ microcapillary tubes

were not included due to rarity). All mealybug and aphid samples

(Sigma-Aldrich Co. LLC) and stored at 30°C. For DNA extraction,

and one worker per ant nest included in the MiSeq runs were subse-

the samples were, after defrosting, each added to 100 ll lysis buffer

quently subjected to targeted Sanger sequencing of their mitochon-

and further processed using the protocol described above.

drial DNA (mtDNA) and one or more specific endosymbionts,

For 30 mealybugs and 114 aphids, mostly stemming from sam-

together with 156 (n = 1 negative control, n = 35 mealybugs and

pling events which yielded only a limited number of individuals and

n = 121 aphids) additional samples. Only those (n = 350) that suc-

therefore stored in 70% EtOH, we used a modified extraction proto-

cessfully yielded high-quality sequences from both insect mtDNA

col. This “regular” protocol (Table S1 in Appendix S2) allowed for

and endosymbiont DNA were included in Figures 2 and 3, and Fig-

preservation of the sample for future slide mounting for morphologi-

ures S4–S15 in Appendix S1.

cal identification if necessary. In this protocol, samples were
extracted under standard (nonsterile) conditions, without surface

2.2 | DNA extraction

sterilization and without homogenization, to leave the specimen
intact for slide mounting. Under these conditions, contamination

Insect and bacterial DNA for barcoding and microbiome profiling

with environmental bacteria cannot be excluded and, therefore,

were extracted from whole aphid and mealybug specimens and from

these samples were not included in MiSeq microbiome profiling and

ant gasters only. All extractions were performed under the following

only used for targeted sequencing of specific endosymbionts.

sterile conditions, with the exception of 30 mealybugs and 114
aphid samples (Table S1 in Appendix S2). In the sterile protocol, all
extractions were conducted under a flow hood using sterile consum-

2.3 | DNA sequencing

ables, to prevent contamination with environmental bacteria. Prior to

Trophobiont and ant mtDNA were amplified using standard primers

extraction, all specimens were surface sterilized by immersing them

targeting the COI region (mealybugs: primers “Jerry” CI-J-2183 &

individually for 30 s in 5% bleach, followed by 30 s in autoclaved

“Ben” C1-N-2568, 405 bp; aphids and ants: primers LCO1490 &

1 9 PBS solution. Individual aphids, mealybugs and ant gasters (sep-

HCO2198,

arated using autoclaved disposable razors) were then placed in sterile

Appendix S1; Brady, Gadau, & Ward, 2000; Folmer, Black, Hoeh,

1.5-ml tubes with 180 ll enzymatic lysis buffer (20 mM Tris-CL, PH

Lutz, & Vrijenhoek, 1994; Simon et al., 1994). PCR products were

8.0, 2 mM Sodium EDTA, 1.2% Triton X100 and 20 mg/ml lyso-

subsequently purified and sequenced in both directions using Sanger

zyme) and a sterile stainless steel bead (5 mm), followed by homoge-

sequencing, outsourced to Macrogen Inc. (New York, USA).

605 bp

and

685 bp,

respectively;

Table

S1

in

nization in a QIAGEN TissueLyzer II for 3 min at 30 Hz. Next, we

We characterized the insects’ bacterial communities based on

extracted insect and bacterial DNA simultaneously using the QIA-

the V3V4 (initial MiSeq run MS1) or V4 region (subsequent MiSeq

GEN DNeasy Blood & Tissue kit, using the manufacturer’s modified

runs MS2MS3, MS4 and MS5) of the bacterial 16S rRNA gene, using

extraction protocol that includes pretreatment for gram-negative

a protocol modified from Caporaso et al. (2011, 2012). Briefly, we

bacteria to prevent extraction bias against these bacteria. One nega-

amplified the target region using 2.5 ll aliquots of the extractions as

tive control was included in each extraction batch. All samples

DNA template with 0.5 ll of 10 lM primers (V3V4: 16S_V3V4F &

included in MiSeq run MS1 were extracted using the manufacturer’s

16S_V3V4R, V4: 16S_V4F & 16S_V4R, each extended with Illumina

unmodified protocol.

overhang adapter sequences for later multiplexing using an Illumina

F I G U R E 2 Mealybugs and aphids host highly specific bacterial endosymbiont strains. (a) Rooted neighbour-joining (NJ) tree (outgroup
removed for clarity) based on 405 bp COI mitochondrial gene fragments (n = 72) shows five species of Rhizoecus mealybugs, each represented
by colour-coded clades (original COI NJ-tree with sample labels and outgroup in Figure S4 in Appendix S1). Each species harbours a specific
strain of Candidatus Tremblaya (b) and Sodalis (c) endosymbionts, and Rhizoecus sp1. and sp2. also harbour specific Serratia symbiotica strains
(d). (e) The rooted NJ-tree based on 601 bp COI mitochondrial gene fragments (n = 218) shows ten clusters (colour-coded) among the root
aphids, which all harbour specific Buchnera aphidicola strains (d). In addition, most individuals of Prociphilus longianus A also harbour a Serratia
symbiotica strain (d). The mitochondrial phylogeny (e) remains insufficiently resolved for the P. erigeronensis clade, and branch location within
this clade has been rearranged to reflect haplotype-specificity of Buchnera strains within this clade. The original aphid COI NJ-tree with sample
labels is given in Figure S10 in Appendix S1. Trees in (a) and (e) are based on Tamura–Nei distances (scale bars), only relative distance (not toscale) of endosymbiont strains is given for clarity (b, c, d and f). For to-scale NJ-trees based on bacterial 16S rRNA/rpS15 and rpS15-16S rRNA
intergenic spacer fragments with sample labels and, for the mealybug endosymbionts, outgroups, see Figures S6, S8, S12, S16 in Appendix S1
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Nextera Index kit; Illumina, 2013; Kozich, Westcott, Baxter, High-

and 5 ll of forward and reverse Nextera Index barcodes and were

lander, & Schloss, 2013), 12.5 ll of 2X KAPA HiFi Hotstart Ready-

run at 55°C annealing temperature for 8 cycles.

mix to a total PCR volume of 25 ll, ran at 55°C annealing

Samples were then purified for final library construction.

temperature for 26 cycles (34 cycles in MS4). This amplification PCR

Because of their higher yield in bacterial DNA, samples in runs

was followed by an indexing PCR to allow for multiplexing of all

containing mostly mealybug and aphid PCR products (MS2MS3,

samples in a single MiSeq run. These 50 ll PCR cocktails consisted

MS5) were purified and normalized with two rounds of the

of 5 ll PCR product taken from the amplification PCR as template

SequalPrepTM Normalization Plate Kit (ThermoFisher Scientific),

Bacterial endosymbiont presence

Insect host
(a)

(b)

Mealybugs

Candidatus
Tremblaya

Rhizoecus sp. 1
Rhizoecus sp. 2
Rhizoecus sp. 3
Rhizoecus sp. 4
Rhizoecus sp. 5

0.02

Prociphilus fraxinifolii

Aphids

P. erigeronensis A

(e)

Buchnera (f)
aphidicola

P. erigeronensis B
P. erigeronensis C
P. erigeronensis D
P. erigeronensis E
P. probosceus
P. longianus A
P. longianus B
Unclass. Pemphigini

0.02

0.02

(c)

Sodalis

(d)

Serratia
symbiotica
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100%

Average % of core ant gaster microbiome reads
(excluding background and rare bacteria)

(a)

IVENS

aab_L1
aab_L2
aab_L3
aab_L4

50%

aab_L5
Trophobiont-derived
Wolbachia
Oxalobacter

0%

Brachymyrmex
depilis
n=2

Lasius
flavus
n=3

Lasius
claviger
n = 55

Lasius
nearcticus
n = 12

Lasius
umbratus
n = 55

(b)
aab_L1 OTU3 in MS4
aab_L1 OTU18 in MS2MS3
aab1 Camponotus chromaiodes
aab_L5 OTU49 in MS2MS3
aab_L2 OTU5 in MS4
aab_L2 OTU21 in MS1
aab_L2 OTU13 in MS2MS3
aab2 Camponotus chromaiodes
aab A_53_40_5_16S Linepithema humile
aab_L3 OTU56 in MS1
aab_L3 OTU37 in MS2MS3
aab_L3 OTU12 in MS4
aab #128 Formica occulta

0.02

aab_L4 OTU5 in MS1

L. flavus
Brachymyrmex depilis

0.02

aab_L5

aab_L4

L. nearcticus

aab_L3

L. umbratus

Acetobacteraceae
aab_L2

Ants
Lasius claviger

aab_L1

(c)

F I G U R E 3 Microbiome of five species
of trophobiont-farming ants. (a)
Microbiome sequencing results from the
gasters of the ants Brachymyrmex depilis,
Lasius flavus, L. claviger, L. nearcticus and
L. umbratus. Results are given as the
average percentage of microbiome reads
for each of the Acetobacteraceae strains
(colour codes match those in Figure 3b),
trophobiont-derived bacteria (in blue,
including Buchnera aphidicola, Serratia
symbiotica and unclassified
Enterobacteriaceae) and potential core
bacteria Wolbachia (purple) or Oxalobacter
(pink) over all individuals per ant species.
Only bacteria belonging to the core
microbiome were included in this analysis.
For complete reads of individual ant
workers and separate OTUs, see Figures
S2 and S3 in Appendix S1. (b) NJ-tree of
Tamura–Nei distances (scale bar) between
293 bp and 1,426 bp bacterial 16S rRNA
fragments showing close phylogenetic
relationship between the five clusters of
Acetobacteraceae OTUs (here named
strains aab_L1-L5, colour coded) found
during three MiSeq runs (MS1, MS2MS3,
MS4) in ants in this study, and those
previously described from other ant guts
(aab1 and aab2 from Camponotus
chromaiodes, A_53_40_5_16S from
Linepithema humile, Hu et al., 2017; #128
from Formica occulta, Russell et al., 2009).
(c) Rooted NJ-tree (outgroup removed for
clarity) based on Tamura–Nei distances
(scale bar) of 685 bp COI mitochondrial
gene fragments (n = 60) shows five species
of ants (four Lasius and one
Brachymyrmex), each represented by
colour-coded clades (original COI NJ-tree
with sample labels and outgroup in
Figure S14 in Appendix S1). Four of these
species harbour Acetobacteraceae strains
aab_L1-aab_L5
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followed by a final concentration step using 0.69 Agencourt

rRNA reference region or were estimated to be chimeras by

AMPure XP beads (Beckman Coulter) on pools of 24 samples. For

(Edgar, Haas, Clemente, Quince, & Knight, 2011). In addition, all sin-

samples in MiSeq runs MS1 and MS4, we pooled index PCR

gletons (or, in MS1, sequences with copy number <3) were removed,

products of eight samples of similar PCR product concentration,

assuming these were sequencing artifacts. This curated set of

estimated based on visual inspection of an electrophoresis gel and

sequences was then clustered into operational taxonomic units

then used 0.69 Agencourt AMPure XP beads (Beckman Coulter)

(OTUs) at the 97% level using the “average neighbour” algorithm as

only for purification. After DNA quantitation of all purified pro-

implemented in

TM

MOTHUR

UCHIME

and identified taxonomically using the

RDP

(ThermoFisher Scientific), they were fur-

reference. After final removal of all sequences derived from chloro-

ther pooled and normalized to equimolar concentrations for

plasts, mitochondria, Archaea or Eukaryota, this analysis resulted in

sequencing on an Illumina MiSeq sequencer using 250 bp (300 bp

one table per MiSeq run, with read counts per OTU for each multi-

in MS1), pair-end reads at the Rockefeller University Genomics

plexed sample.

duct pools using Qubit

Resource Center.

The purpose of our MiSeq screens was detection of endosym-

To enable construction of higher resolution phylogenies of

biont presence in each of our screened host species. After the initial

endosymbionts found with the MiSeq microbiome profiling, we

sequence curation, we therefore curated the data further to mini-

designed novel primers targeting 700+ bp fragments of bacterial 16S

mize false positive OTU calls for our samples, which could be caused

rRNA of Buchnera aphidicola and Serratia symbiotica in Prociphilus

by one of three technical issues: (i) the presence of contaminants in

root aphids and Sodalis in Rhizoecus mealybugs. For B. aphidicola, we

extraction and amplification reagents (Russell et al., 2017; Salter

first used universal eubacterial 16S rRNA primers (10F & 1507R,

et al., 2014), (ii) sequencing errors resulting in novel OTUs and (iii)

Munson et al., 1991) to obtain longer sequences based on which we

“leakage” between multiplexed samples due to sequencing errors in

could design primers specific to these strains. For S. symbiotica and

the Illumina overhang adapter sequences (see Appendix S2 for defi-

Sodalis, we aligned the OTU sequences obtained during our MiSeq

nitions and curation details for each issue). Lastly, samples were

profiling to longer sequences of the five closest related sequences

omitted as “failed” when their total read number was lower than

published in

GENBANK.

Sequences were then aligned, and primers

designed using the respective functions in

GENEIOUS

â

9.1 (Biomatters

10% of the average read number for their type of sample (Figure S2
in Appendix S1).

Ltd.) and targeting regions for primer design that were highly similar

All runs included blank negative controls, technical replicates and

across clades and would target regions of maximal possible length.

biological replicates (samples collected in the same sampling event).

This resulted in primers Buch_proF & Buch_proR for B. aphidicola,

MS1 also included a Cephalotes ant worker as positive control (not

SerPro2F & SerPro2R for S. symbiotica and 16SSodF & 16SSodR for

shown). As additional quality check, we confirmed that in all runs,

Sodalis (see Table S1 in Appendix S1 for primer details). For Trem-

negative controls were mostly blank except for contaminant and

blaya, we amplified fragments of rpS15 and the adjacent rpS15-16S

“leakage” reads, and technical and biological replicates yielded very

rRNA intergenic spacer using previously published primers C-16S-F

similar results. Lastly, we verified successful normalization by check-

& C-16S-R (Baumann, Thao, Hess, Johnson, & Baumann, 2002;

ing read number distribution per sample and removed the sample

Malausa et al., 2011).

with least reads of each replicate pair from the final results (Figures

We then amplified endosymbiont DNA under PCR conditions

S2 and S3 in Appendix S1).

optimized for each specific primer pair (see Table S1 in Appendix S1

All forward and reverse sequence pairs generated by the

for PCR conditions). PCR products were then purified and sequenced

sequencing of insect mtDNA and targeted sequencing of specific

using Sanger sequencing in both directions by Macrogen Inc. (New

endosymbionts were joined into contigs and then manually curated

York, USA).

for sequencing errors, trimmed and aligned in

GENEIOUS

â

10.2.2

(Biomatters Ltd.).

2.4 | Sequence processing and curation
All MiSeq results were analysed using the most recent release of the
software package
PROJECT

and reference database

RIBOSOMAL DATABASE

(RDP) at the time of analysis (MS2M3:

RDP14; MS4:
MS1:

MOTHUR

MOTHUR V1.36.0,

MOTHUR V1.39.5,

MOTHUR V1.35.1,

RDP14; MS5: v1.39.1, RDP14 and

RDP16) (Cole et al., 2014; Schloss et al.,

2009). We used a MOTHUR pipeline modified from (Kozich et al.,

2.5 | Data analysis
Sequence consensus alignments generated in

GENEIOUS

â

were then

used to construct neighbour-joining distance trees, using the built-in
tree builder function of

GENEIOUS

â

with the Tamura–Nei distance

model and 1,000 bootstrap replicates. In addition,

RAXML

trees were

constructed using nucleotide model GTR gamma, the rapid-hill climb8.2.11

2013; Lukasik et al., 2017). The full, annotated script of the most

ing algorithm and 100 bootstrap replicates using the

recent analysis (MS1) can be found in Appendix S2. Briefly, pair-end

plug-in in

reads were first joined into contigs. Then, all sequences were

using

curated from sequencing errors by removing all sequences that were

Figures S5, S7, S9, S11, S13, S15 in Appendix S1). Trees were edited

GENEIOUS

RAXML

â

RAXML

(Stamatakis, 2014). Estimating the phylogenies

instead did not qualitatively alter the conclusions (see

50 bp shorter or longer than the expected product size, showed

for readability in

homopolymers longer than 8, did not well align to the targeted 16S

igtree/).

FIGTREE V1.4.2

(http://tree.bio.ed.ac.uk/software/f
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Consensus sequences for each alignment as well as the most
abundant genotype observed for each reported OTU in our MiSeq
analyses were matched against sequences previously deposited in
â
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 pez-Madrigal, Latorre, Moya, & Gil,
Wang, Chen, & Qiao, 2015; Lo
2015; Matthew, Darby, Young, Hume, & Welburn, 2005).
The MiSeq results already showed variation at the ~300 bp reso-

search. The sequences with the maxi-

lution, with several different OTUs belonging to the same bacterial

mum “total score” were reported as “closest match,” provided the

taxon. To examine our question further at the genotype level, we

information stored under their accession number was still available.

used custom-designed primers targeting ~700–1,000 bp 16S rRNA

If not, we reported the next sequence listed. For each matching

fragments of Sodalis and Serratia, and rpS15 and the rpS15-16S rRNA

NCBI GENBANK

using their

BLAST

sequence, we reported its source, as well as the % of sequence iden-

intergenic spacer in Tremblaya. The targeted sequencing showed that

tity to the queried sequence and its Expect (E)-value. The E-value

each of the five mealybug species harbours their own genotype

gives the likelihood of the match having occurred by chance given

(hereafter referred to as strain) of Tremblaya (n = 61 mealybugs) and

the database size. The closer to 0, the more significant the match is.

Sodalis (n = 59 mealybugs; Figure 2b,c and Figures S6–S9 in

H02

network

Appendix S1). In addition to these well-known mealybug endosym-

€thgen,
specificity metric, adopted from ecological network theory (Blu

bionts, mealybugs belonging to Rhizoecus sp. 1 and 2 also invariably

€ thgen, 2006; Ivens, von Beeren, Blu
€thgen, & Kronauer,
Menzel, & Blu

harbour species-specific strains of Serratia symbiotica (Figure 2c, Fig-

2016). This metric estimates the specificity of a bipartite network of

ure S16 in Appendix S1). These data demonstrate that the endosym-

two interacting species groups based on the number of times each

biotic microbiomes of all five mealybug species are highly species-

species-to-species interaction is observed, taking into account the

specific

total number of possible interactions. H02 values can range from 0

H’2 = 1, p < .001). Thus, we found no evidence of a shared symbi-

We estimated host–microbe specificity using the

(mealybug-endosymbiont

bipartite

network

specificity

(generalist network) to 1 (specialist network). We estimated H02 val-

otic microbiome among species, nor was there any clustering accord-

ues for each host–bacteria bipartite network by compiling a host-by-

ing to which ant species farmed the mealybugs. This suggests that

bacterium matrix of the observation numbers of each possible com-

indeed phylogeny rather than social partnership is correlated with

bination. Network metrics were then calculated using the software

microbiome diversity in mealybugs.

version 3.4.1 (R Development Core Team, 2011) and
TITE

R

package

R

BIPAR-

€nd, 2008). We tested for statistical
2.08 (Dormann, Gruber, & Fru

significance by comparing the observed H02 values to those of

3.2 | Specificity of aphid symbiotic microbiomes

10,000 randomized networks of equal size (using http://rxc.sys-bio.

Second, we asked whether the symbiotic microbiome of the farmed

€thgen et al., 2006; Patefield, 1981).
net; Blu

aphids followed a similar pattern of species-specificity or whether
social partnerships with the same farming ants played a role. Our

3 | RESULTS

aphid MiSeq screening covered the eight most common Prociphilus
root aphids found in the ants’ nests. The results showed that these
aphids harbour a maximum of two endosymbionts: Buchnera aphidi-

3.1 | Specificity of mealybug symbiotic
microbiomes

cola, the primary endosymbiont of all aphids and also, like the mealy-

First, we asked whether the symbiotic microbiomes of the five Rhi-

several other aphids (Henry et al., 2015). The closest matching

zoecus species were unique and best explained by phylogeny, or

sequences of these OTUs stem from other aphids: Prociphilus ligustri-

whether their microbiomes were correlated with overlapping social

foliae (B. aphidicola, 98% identity, E-value = 0.0) and Stomaphis lon-

partnerships with farming ants. Using Illumina MiSeq sequencing of

girostris (S. symbiotica, 99% identity, E-value = 0.0; Figure S2, Tables

16S rRNA, we first screened the four most common mealybug spe-

S2 and S3 in Appendix S1). The single, rare, sample of Prociphilus

cies for the presence of internal bacteria. This broad-scale screen

fraxinifolii harboured an unclassified Enterobacteriaceae, a potential

showed that these Rhizoecus mealybugs harbour a simple micro-

endosymbiont as its closest match is a bacterial endosymbiont of the

biome, solely consisting of endosymbionts. We found three groups

scale insect Coelostomidia pilosa (98% identity, E-value 1 9 10137;

of bacterial operational taxonomic units (OTUs) at the 97% level:

Figure S2 and Table S3 in Appendix S1). Lastly, we observed a hand-

those belonging to Tremblaya, those of Sodalis (Gammaproteobacte-

ful of isolated cases of likely pathogenic infections with Microbacte-

ria) and a single OTU of Serratia symbiotica (Figure S2, Tables S2 and

riaceae and other actinomycetes (Figure S2 and Table S3 in

S3 in Appendix S1). The closest matching bacterial sequences to

Appendix S1).

bugs, Serratia symbiotica, the secondary endosymbiont known from

longer fragments of these three OTUs (obtained with targeted

Mapping the aphid microbiome to its phylogeny at strain level

sequencing, see below) currently included in the NCBI nucleotide

resolution was again achieved by targeted sequencing of B. aphidi-

database all stem from associates of other insects. The closest Trem-

cola and S. symbiotica using custom-designed primers. The results

blaya match is from the mealybug Planococcus ficus (at 90% identity,

show that each strain of B. aphidicola (n = 218) was limited to a sin-

E-value = 0.0), Sodalis matches Sodalis glossinidius found in the

gle COI clade or species of aphid (Figures 2f and Figure S10–S13 in

Tsetse fly (95% identity, E-value = 0.0) and Serratia symbiotica

Appendix S1). Currently, the mitochondrial phylogeny of P. erigero-

matches a known secondary endosymbiont of aphids (99% identity,

nensis (Figure 2e) remains insufficiently resolved to assess clade-spe-

E-value = 0.0) (Figure S2, Tables S2 and S3 in Appendix S1; Chen,

cificity of Buchnera strains. However, each aphid in this clade has
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one of three types of Buchnera, and importantly, each of the aphid

category were excluded from further analysis. We also found signifi-

mitochondrial haplotypes is always associated with the same Buchn-

cant presence of Wolbachia (exclusive to both included B. depilis

era haplotype, suggesting that these might, in fact, represent sepa-

workers) and Oxalobacter (four L. claviger workers from two nests),

rate aphid lineages as well. More data are needed to verify this.

which were therefore deemed potential core OTUs (Figures 3a and

All included aphids were also screened for the presence of

Figures S2, S3 in Appendix S1).

S. symbiotica, but only aphids in the clade P. longianus A tested posi-

The third category, the core OTUs, contains members of the

tive for this endosymbiont, confirming the initial results of our MiSeq

sugar-processing Acetobacteraceae (aab). These bacteria were con-

screen (Table S1 in Appendix S2, Figures S2 and S16 in

sistently found in Lasius ant gasters, in all three MiSeq runs that

Appendix S1). Serratia symbiotica was found in the majority of the

included ant samples (MS1, MS2MS3, MS4) (Figure 3). Phylogenetic

aphids in this clade, but not in all of them (22 of 28 screened P. lon-

comparison of all Acetobacteraceae OTUs found in the various runs

gianus A aphids) (Table S1 in Appendix S2, Figures 2d and Figures

shows that these OTUs cluster together into five groups, hereafter

S2, S16 in Appendix S1).

called strains aab_L1-L5 (Figure 3b). The closest

NCBI

GENBANK

Together, this suggests that also the aphid endosymbiotic micro-

matches to these OTUs are to Acetobacteraceae found in other ants

biome is characterized by a strong phylogenetic signal, with one-to-

with sugar-rich diets. Inclusion of these sequences in our phylogeny

one clade-specificity of endosymbiont genotypes (aphid endosym-

reveals close relationship between Acetobacteraceae found across

biont bipartite network specificity H’2 = 1, p < .001) and no evidence

these different ants, with aab1 and aab2 from Camponotus chro-

for an effect of social partnerships.

maiodes matching closer than 97% to our observed strains aab_L1
and aab_L2, respectively, and thus being the same strains, under the

3.3 | Specificity of ant symbiotic microbiomes

97% identity definition, as those found in Lasius ants (Figure 3b and
Table S3 in Appendix S1; Brown & Wernegreen, 2016; Hu et al.,

We next looked within ants and asked whether the five tropho-

2017; Russell et al., 2009). Interestingly, the three most common ant

biont-farming subterranean ant species Brachymyrmex depilis, Lasius

species L. claviger, L. nearcticus and L. umbratus share the same three

flavus, L. claviger, L. nearcticus and L. umbratus each harbour their

Acetobacteraceae strains (aab_L1, aab_L2, aab_L3), while the three

own species-specific microbiome or whether farming of the same

analysed individuals of L. flavus exclusively harboured strains aab_L4

aphids and mealybugs results in a shared microbiome across ant

and aab_L5 (Figure 3a,c).

species, or with their trophobionts. To address this question, we

The fourth and final category of bacteria observed in ant gasters

amplified bacteria from individual ant worker gasters of all species

is that of potentially trophobiont-derived bacteria (Figure 3a, in

for subsequent 16S rRNA MiSeq sequencing. Amplification rates

blue). This category included the occasional observation of an

varied widely across samples, both between species (Figure S2, S3

unclassified Enterobacteriaceae, which matches closest to a sec-

and S17 in Appendix S1) and within- and between ant colonies

ondary endosymbiont of giant scale insect Coelostomidia pilosa and

(Figure S3 in Appendix S1), suggesting that none of the species

was also found in the single sample of P. fraxinifolii we screened

consistently contained symbiotic bacteria at significant levels.

(Table S2 and Figure S2 in Appendix S1; Dhami, Buckley, Beggs, &

These generally low bacterial densities were confirmed visually by

Taylor, 2013). Whether this is indeed a trophobiont–ant-transferred

fluorescent microscopy on SYBR-green-stained ant gut extracts in

endosymbiont merits further study.

a limited number of samples, following Sanders et al. (2017).

The most notable two bacteria in this category are Buchnera

Owing to these varying amplification rates, we were only able to

aphidicola and Serratia symbiotica, which we found at significant

sequence the microbiome of 129 of the 160 ant workers initially

levels in at least three ant workers. These were included in MiSeq

sampled, with the species Lasius claviger and L. umbratus best rep-

run MS4, which did not include any aphid or mealybug samples, so

resented (Figure 3a).

the possibility of these reads being the result of “leakage” because

The symbiotic microbiome sequencing revealed the presence of

of multiplexing can be ruled out. In addition, the presence of S. sym-

a relatively simple set of OTUs at the 97% level with significant

biotica was confirmed in these ant samples using our specific Serratia

presence in one or more individuals (Figures S2, S3 and Table S3 in

primers and the sequence matched those observed in P. longianus A

Appendix S1). After contaminant removal, the remaining OTUs

samples most closely (Figure S16 and Table S3 in Appendix S1).

grouped into four categories: noncore OTUs, which were observed

Whether these are transient bacteria that the ants obtained from

only occasionally, potential core OTUs (overall rare OTUs showing

their trophobionts directly, either by preying on them or from trans-

significant presence in certain species or ant colonies), core OTUs

fer via honeydew, or whether these observations indicate coloniza-

(making up the majority of reads across species and colonies) and

tion of ants by these bacteria is unknown. The two honeydew

lastly, trophobiont-derived bacteria.

samples, collected from P. longianus B, included in our microbiome

The first and second categories of noncore and potential core

analysis did not show significant presence of any of the OTUs

OTUs occasionally infect individual workers or ant colonies. The

observed in

noncore OTUs mostly included Streptococcus, Diplorickettsia, Entomo-

Appendix S1). With B. aphidicola being an obligate endosymbiont of

plasmatales, Spiroplasma and Lactobacillus (Figures S2, S3 and

aphids, its occasional occurrence in ant workers is therefore best

Table S3 in Appendix S1). All microbiome reads belonging to this

explained by recent consumption of aphids.

the ants or their trophobionts (Figure S2 in
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Thus, we observe indications of both microbiome species-specificity (the H02 of the ant-microbiome network being 0.421 (p < .0001),
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any evidence for consistently shared microbiomes between ants and
their trophobionts.

which is mostly driven by the apparent exclusive association of the

The high level of species-specificity in the trophobionts’ symbi-

two rare ant species B. depilis and L. flavus with Wolbachia and two

otic microbiome is most likely explained by two characteristics: (i)

unique strains of Acetobacteraceae, respectively) and influence of

the highly specialized metabolic function of these microbes within

social partnerships (e.g. three Acetobacteraceae strains shared

their unique hosts and (ii) the predominant, if not exclusive, vertical

among the other three Lasius species) on the microbiome composi-

mode of transmission of the endosymbionts.

tion of these five ant species (Figure 3a,c). Interestingly, the three

The majority of the bacterial endosymbionts observed in the tro-

Lasius species that share Acetobacteraceae strains have also been

phobionts are closely related to those previously found in related

found to farm the same two mealybug species (Rhizoecus spp. 3 and

hosts. In these well-studied examples, the endosymbionts provide

4), indicating more similar social partnerships among these species

vital metabolic functions specific to their hosts (Douglas, 1998; Hus-

than between them and B. depilis and L. flavus, which have never

nik & McCutcheon, 2016; Husnik et al., 2013; Oliver et al., 2010).

been found to farm Rhizoecus spp. 3 and 4 (Figure S1 in

For example, Tremblaya and Sodalis endosymbionts were found in all

Appendix S1). The small sample sizes of the latter two ant species,

Rhizoecus mealybug species. Tremblaya is known to perform indis-

however, do not allow us to draw any firm conclusions regarding this

pensable metabolic roles, such as production of essential amino acids

potentially interesting correlation.

(Husnik et al., 2013). In other systems, both Tremblaya and its mealybug host have undergone genome reduction over evolutionary time,
making them codependent due to complementary genome function

4 | DISCUSSION

(Husnik et al., 2013; McCutcheon & von Dohlen, 2011). This mealybug–Tremblaya partnership, in fact, can constitute a hierarchical sym-

We took advantage of a recently characterized subterranean symbio-

biosis, in which the Tremblaya endosymbiont contains its own

sis in which five species of ants farm multiple species of tropho-

endosymbiotic Gammaproteobacterium. The best-studied example is

bionts

often

Morenella, which fulfils several essential genome functions of its own

simultaneously (Figure 1 and Figure S1 in Appendix S1). We first

(von Dohlen et al., 2001; Husnik et al., 2013; McCutcheon & von

asked whether trophobionts that are farmed by similar hosts have

Dohlen, 2011). Over evolutionary time, these Gammaproteobacteria

similar microbiomes, or whether their microbiomes are correlated

have repeatedly been replaced, also with Sodalis-like bacteria (Husnik

with their respective phylogenies. This latter hypothesis is expected

& McCutcheon, 2016). The trio of perfectly matching mealybug,

given the ancient relationships between the trophobionts and their

Tremblaya, and Sodalis phylogenies reported here is therefore in line

endosymbionts (Douglas, 1998; Husnik et al., 2013). Our results con-

with a nested symbiosis of Rhizoecus mealybugs and Tremblaya

firmed that in the trophobionts, phylogeny is the key correlate. Both

endosymbionts, which in turn contain Sodalis endosymbionts. While

mealybugs and aphids harbour phylosymbiotic microbiomes that are

we would need to confirm this physical nestedness using for exam-

highly species-specific, composed of multiple endosymbionts that

ple fluorescent in situ hybridization (FISH) (von Dohlen et al., 2001),

closely diverged with their insect hosts (Figure 2). None of the

our results are in accordance with a long history of co-evolution,

observed endosymbiont strains are shared among different groups

with little potential for colonization and sharing of endosymbionts.

(mealybugs

and

aphids)

inside

their

nests,

or species of trophobionts. Despite the similarity in habitat and avail-

Similarly, all root aphids in the system contain species-specific

able food sources due to being farmed by overlapping ant species in

genotypes of Buchnera aphidicola, a well-studied, obligate primary

similar, isolated underground environments, we found that the tro-

endosymbiont of aphids, well-known for its vital metabolic functions,

phobionts’ symbiotic microbiome is exclusively correlated with their

most importantly in the production of essential amino acids (Dou-

phylogeny.

glas, 1998). The long-term symbiosis between Buchnera and its aphid

Next, we asked whether this is also the case for the farming

hosts is further characterized by the evolution of a specific organ

ants. Do the symbiotic microbiomes of different ant species that

inhabited by Buchnera, the bacteriocyte (Douglas, 1998; Jousselin

farm the same trophobionts share core components with each other

et al., 2009). Like in the mealybugs, this integrated, physically

and their trophobionts, or is microbiome composition species-speci-

“closed” symbiosis leaves little room for frequent exchange or colo-

fic and correlated with ant phylogeny? We found that the three

nization by shared symbionts.

most common Lasius ant species, which all farm the same tropho-

The high congruence between host phylogenies, based on mito-

bionts, share a trio of sugar-processing bacteria (Figure 3), suggest-

chondrial COI sequences, and the symbiont 16S rRNA phylogenies, is

ing a potential role of social partnerships. In addition, a limited data

likely the result of transmission mode. Vertical transmission of the

set on two additional ant species, Lasius flavus and Brachymyrmex

endosymbionts from mother to daughter trophobionts drives the

depilis, which farm a slightly different set of trophobionts (Figure S1

evolution of species-specific high-dependency symbiosis (Fisher

in Appendix S1), indicates that these may harbour bacteria exclu-

et al., 2017). Vertical transmission has long been established as the

sively associated with them, including sugar-processing bacteria.

sole transmission mode in both the mealybug–Tremblaya complex

Despite the potential microbial transfer between the trophobionts

and for Buchnera in aphids (von Dohlen et al., 2001; Douglas, 1998;

and the ants via the trophobionts’ honeydew, we also did not find

Jousselin et al., 2009).
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In addition to strong endosymbiont-specificity at the mitochon-

(Figure 1c). However, the strong mitochondrial clade-specificity of

drial level, species-specificity even at the host nuclear genetic level

Serratia in both aphids and mealybugs (Figure 2 and Figure S16 in

is likely aided by predominant, if not exclusive, asexual reproduction

Appendix S1) suggests that if there ever was horizontal transfer, it

in all focal species of mealybugs and aphids. This is because the

must have been historical, and since that time, there has been a

absence of a sexual cycle will reduce nuclear genetic recombination

transition to vertical transmission and strict host-specificity. Such

levels and, therefore, preclude novel endosymbiont-nuclear gene

historic transfer has been shown before in whiteflies harbouring

combinations. During our 5 years of field work (2013–2017), tropho-

aphid endosymbiont-like, but diverged, symbionts (Darby, Birkle,

biont males were never observed (A. B. F. Ivens, personal observa-

Turner, & Douglas, 2001). In a recently published survey of

tion). Mealybugs often reproduce exclusively clonally, with males

endosymbionts in above-ground aphids, there was a trend towards a

being only rarely observed or absent (Ross & Shuker, 2009). Like-

higher Serratia prevalence in ant-farmed aphid species coinciding

wise, aphids are cyclic parthenogens, which commonly become fully

with a marked absence of two other facultative aphid endosym-

parthenogenetic when they forego their annual sexual cycle (Ivens,

bionts, Hamiltonella defensa and Regiella insecticola (Henry et al.,

Kronauer, Pen, Weissing, & Boomsma, 2012b; Simon, Rispe, & Sun-

2015). This pattern can potentially be explained by Serratia confer-

nucks, 2002). The subterranean lifestyle provides a relatively stable

ring nutritional benefits complementary to the protective benefits

environment, and being associated with ants may have further facili-

provided by farming ants, while the other endosymbionts confer

tated the loss of the sexual cycle in aphids (Ivens, 2015; Ivens et al.,

benefits redundant with ant protection, such as protection against

2012b; Law & Lewis, 1983; Wulff, 1985).

parasitoids (Henry et al., 2015). While their natural enemies remain

Surprisingly, we observed an additional species-specific endosym-

unknown at this point, the matching results of our survey indicate

biont, Serratia, to be present in some clades of both aphids and

that the same mechanisms may be at play in root aphids, but this

mealybugs. While Serratia symbiotica is a known secondary, faculta-

would need to be further verified by broader screening of both ant-

tive, endosymbiont of other aphids, most notably of Lachnids (Burke,

tended and nonant-tended root aphids.

Normark, Favret, & Moran, 2009; Henry et al., 2015; Russell,

In contrast to these highly specific and somewhat diverse micro-

~oz, Moya, & Moran, 2003), our study is the first
Latorre, Sabater-Mun

bial associations in the trophobionts, we find little diversity and

to observe S. symbiotica in mealybugs. The three observed Serratia

specificity in the microbiomes of the ant farmers. Instead, the micro-

strains cluster together, away from Serratia known from five other

biomes of the focal ant species Brachymyrmex depilis, Lasius flavus,

aphid hosts (Figure S16 in Appendix S1). Importantly, our finding of

L. claviger, L. nearcticus and L. umbratus are simple, with limited

all individuals of Rhizoecus spp. 1 and 2 invariably harbouring spe-

diversity. Many of our screened ant workers lacked detectable levels

cies-specific Serratia genotypes indicates a potential long-term asso-

of bacteria, and overall, we only observed seven core OTUs (Fig-

ciation of these mealybugs with this third endosymbiont, meriting

ure 3). The observed low bacterial density and diversity in Lasius

further exploration.

ants were expected given past work on other ant microbiomes,

In some aphids, this bacterium has become an obligate endosym-

which display similar patterns (Hu et al., 2017; Moreau & Rubin,

biont, providing metabolic functions complementary to the resident

2017; Ramalho, Bueno, & Moreau, 2017; Russell et al., 2009, 2017).

Buchnera strain and potentially being on its way to replacing Buchn-

While there are exceptions representing a number of highly special-

rez-Brocal
era (Burke & Moran, 2011; Meseguer et al., 2017; Pe

ized ant–microbe associations in a handful of specific ant clades

et al., 2006). Serratia has been shown to confer several ecological

(Anderson et al., 2012; Lukasik et al., 2017; Russell et al., 2009,

advantages such as heat-stress tolerance and nutritional benefits

2017; Sanders et al., 2014), overall this low density and diversity is

(Koga, Tsuchida, & Fukatsu, 2003; Montllor et al., 2002; Russell &

in line with previous work (Sanders et al., 2017).

Moran, 2006). It is overrepresented in monophagous aphid species

We identified the most prevalent bacteria in the surveyed Lasius

and in those feeding on specific Acer trees (Henry et al., 2015). In

species as belonging to the Acetobacteraceae, a family of acetic

our study, we found Serratia to be exclusively associated with Proci-

acid-producing bacteria that thrive in sugar-rich environments (Fig-

philus longianus clade A aphids, although not all individual aphids

ure 3). These bacteria are generally found in hosts with sugar-rich

belonging to this clade contained Serratia. Field observations and

diets, such as the honeydew on which these Lasius ants predomi-

preliminary root barcoding results suggest that Prociphilus longianus

nantly feed (Ano, Toyama, Adachi, & Matsushita, 2008). Indeed, the

aphids primarily feed on Quercus, possibly also Acer (A. B. F. Ivens,

observed OTUs are closely related to those previously published

personal observation). It is conceivable that in this species, Serratia

from the guts of other ants feeding on carbohydrate-rich diets,

confers an ecological benefit in this feeding niche, but more work is

including honeydew-feeding Camponotus carpenter ants, Formica

needed to clarify the exact root feeding niches of these organisms.

wood ants and Linepithema Argentine ants (Brown & Wernegreen,

One potential explanation for the presence of Serratia in both

2016; Hu et al., 2017; Russell et al., 2009) (Figure 3, Tables S2 and

aphids and mealybugs is that it can be horizontally transmitted, even

S3 in Appendix S1). In addition, these bacteria are related to Asaia

via host plants (Burke et al., 2009; Henry et al., 2013, 2015; Oliver

bacteria, recently found in Pseudomyrmex and Tetraponera ants,

et al., 2010). With aphids and mealybugs frequently sharing host ant

which both feed on another sugar-rich diet of extra floral nectar

nests, and even nest chambers and, consequently, feeding niches,

(Kautz, Rubin, & Moreau, 2013; Samaddar et al., 2011). Their preva-

Serratia could then even be transmitted across taxon boundaries

lence among these specific ants, in combination with shown
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phylogenetic signal, this distribution pattern may be best explained

gests that Acetobacteraceae aid in the ants’ digestion of sugary

by the ants’ social partnerships. The three most common Lasius spe-

honeydew, although more functional work is needed (Hu et al.,

cies not only share three strains of Acetobacteraceae but also exclu-

2017). In addition to sugar-processing abilities, Asaia found in

sively farm Rhizoecus spp. 3 and 4 mealybugs, while L. flavus and

Tetraponera ants has been suggested to play a role in nitrogen fixa-

Brachymyrex have only been found associated with R. spp. 1, 2 and

tion (Samaddar et al., 2011). This additional functionality could also

5 (Figure S1 in Appendix S1). These differences in food source

be present in their relatives colonizing the Lasius ants in this study.

resulting from different honeydew produced by different mealybugs

The ant–Acetobacteraceae symbiotic relationship has previously
been suggested to be quite old and specialized (Brown & Werne-

could then possibly be driving maintenance of different symbiotic
microbiomes.

green, 2016). Camponotus strains aab1 and aab2 were shown to be

In summary, our results confirm a predominant correlation with

members of a monophyletic Acetobacteraceae clade that is highly

phylogeny over one with social partnerships in the trophobiont

specific to ants, in particular the subfamily Formicinae, to which also

microbiomes and, in contrast, point to a potentially important effect

Lasius ants belong.

of social partnerships in the formation of the Lasius ant microbiomes.

Our observation of these same strains in Lasius ants suggests a

These findings are both supported by recent work on the microbial

more wide-spread distribution than hitherto thought, spanning

communities of a tropical ant–plant–hemipteran symbiosis in which

across several genera within the Formicinae.

two different ant species farm the same two scale insect trophobiont

We did not observe any Acetobacteraceae in the two screened

species and house them in domatia of the same species of ant–plant

workers of Brachymyrmex depilis. Instead, both workers, collected

(Pringle & Moreau, 2017). The effect of social partnerships on tro-

from the same nest, showed exclusive colonization by Wolbachia,

phobiont microbiomes was limited, with the scale insects both har-

constituting the only two observations of this bacterium in our

bouring their own microbiome. In contrast to our findings, however,

study. Wolbachia is a common symbiont of ants (Brown & Werne-

the microbiomes of both ant species were very species-specific

green, 2016; Kautz et al., 2013; Russell, 2012), and its potential roles

(Pringle & Moreau, 2017). This is likely because one of the two focal

include manipulation of the ants’ reproduction as well as beneficial

species belongs to the genus Cephalotes, which is known for the

roles such as nutritional aid and protection (Russell et al., 2017).

strong phylogenetic signal of its microbiome (Sanders et al., 2014).

With Wolbachia’s prior record as an ant symbiont with a large poten-

In contrast, the microbiome of the other ant species, Azteca, seems

tial to impact the ecology and evolution of its hosts, a possible

to be more transient and displays lower bacterial abundances. This is

Brachymyrmex–Wolbachia relationship merits further study. In addi-

more in line with the microbiomes observed in the Lasius and Bra-

tion, we cannot exclude the possibility that the presence of Wol-

chymyrmex ants in our study (Pringle & Moreau, 2017; Sanders et al.,

bachia in relatively high abundance (making up around 50% of the

2014).

sequencing reads, Figure S3 in Appendix S1) in these two ant work-

These differences in phylogeny-correlated microbiomes versus

ers precluded detection of any Acetobacteraceae present at lower

social partnership-correlated microbiomes have been described as

abundance. Future experiments using Acetobacteraceae strain-speci-

“closed” versus “open” symbioses. In “closed” symbioses, the start of

fic primers to screen larger sample numbers of each of the five focal

an association coincides with birth (e.g. vertical transmission of a

ant species will help resolve this issue. A second observed potential

symbiont). In “open” symbiosis, on the other hand, microbial colo-

core bacterium was Oxalobacter, with significant presence in workers

nization and birth are decoupled (e.g. horizontal transmission) (Dou-

of two L. claviger colonies (Figure S3 in Appendix S1). The function

glas, 2015). In open cases, the hosts may be colonized by novel

of Oxalobacter in ants remains unknown, but it has been attributed a

microbial partners over their life time, providing scope for a large

beneficial role in humans (Barnett, Nazzal, Goldfarb, & Blaser, 2016).

influence of social partnerships, but perhaps less strict dependency

Contrasting previous findings of strong phylogenetic signal of

(Fisher et al., 2017). Yet, even in a system that is mostly marked by

ant–microbe associations at higher taxonomic levels (Anderson et al.,

closed symbioses, Pringle and Moreau (2017) also observed “micro-

2012; Russell et al., 2009, 2017), our survey shows only weak phylo-

bial leakage,” where bacterial OTUs overlap between samples origi-

genetic signal of microbial occurrence in these trophobiont-farming

nating from the different organisms. This “leakage” can either be

ants. Although we find differences at the genus level, with the lim-

explained by a technical issue, namely mistakenly assigning sequenc-

ited sample of two Brachymyrmex workers exclusively containing

ing reads in multiplexed MiSeq runs which include samples stemming

Wolbachia, all ants surveyed within the genus Lasius harbour Aceto-

from different organisms, or alternatively by ecological microbial

bacteraceae, with three of these strains being shared by several ant

transfer in species interactions among different taxa (Pringle & Mor-

species. The only species-specific microbiome observed within Lasius

eau, 2017). Our employed stringent sequence curation protocol

is that of the three screened L. flavus ant workers containing two

(Appendix S2) was designed to prevent the former technical issue in

additional Acetobacteraceae strains, while the other species share

all multiplexed runs. We could therefore only observe true ant–tro-

their three strains. Because of the rarity of this species, our sample

phobiont overlap in microbiomes in the single “ant-only” run MS4,

size was limited. This finding needs further confirmation using the

and likely because of this reason, we observed it to a very limited

approach of targeted Acetobacteraceae sequencing described above,

extent only. These observations may indeed be explained by ecologi-

but it points to a potentially interesting association. Rather than a

cal microbial transfer among the focal organisms. For example,
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transfer can happen when ants prey on their trophobionts. This

Research in Ethology and Ecology and the Cary Institute of Ecosys-

mode of transfer likely resulted in the remnants of trophobiont-

tem Studies for granting access to their grounds for field sampling.

derived Buchnera and Serratia we observed in several ant workers

We also thank the Rockefeller Genomics Resource Center and Con-

(Figure 3, Figures S2 and S3 in Appendix S1). Likewise, previous

nie Zhao for providing advice and logistic support. The research

observations of Serratia in honeydew-feeding Formica ants were best

leading to these results has received funding from the European

€ &
explained by the ants’ predation on their aphid livestock (Sirvio

Union Seventh Framework Programme (FP7/2007–2013) under

Pamilo, 2010). Alternatively, transfer could occur when ants con-

Grant Agreement 624145, a Niels Stensen Fellowship, and a Rubicon

sume trophobiont-produced honeydew that contains bacteria (Leroy

Fellowship 825.13.025 from the Netherlands Organisation for Scien-

et al., 2011). We did, however, not detect any bacteria in the two

tific Research (all three to A.B.F.I). The project was further sponsored

screened honeydew samples (Figure S2 in Appendix S1). The pre-

by the Iris and Junming Le Foundation and the Rockefeller Univer-

dominant absence of trophobiont-derived symbionts in the screened

sity Center for Clinical and Translational Science grant #UL1

ants matches previous findings in which a suite of trophobiont (ly-

TR000043 from the National Center for Advancing Translational

caenids, Sternorrhyncha) symbionts was found to be absent from

Sciences, National Institutes of Health Clinical and Translational

ants (Russell et al., 2012). Regardless of the mode of transfer, merely

Science Award Program and by the Sackler Center for Biomedicine

observing bacterial presence by 16S rRNA sequencing does not dis-

and Nutrition Research, through the generosity of the Sackler Foun-

tinguish passive transfer of bacteria through consumption from

dation (both to A.B.F.I), Netherlands Organisation for Scientific

active colonization of the host ant’s gut by bacteria. Future studies

Research Vidi Grant 864.10.005 (to E.T.K.), European Research

employing dietary manipulation of ants in combination with FISH

Council (ERC) Grant Agreement 335542 (to E.T.K.) and a Rockefeller

microscopy could aid distinguishing between these two possibilities.

University Summer Undergraduate Research Fellowship (to A.G.).

Interestingly, Pringle and Moreau (2017) observed most OTU overlap
between one species of scale insects and the plant domatia it was
housed in, suggesting that the physical environment can play a role

DATA ACCESSIBILITY

in microbiome formation. In future, we will include samples from trophobiont chamber walls in Lasius nests to further test this idea.
This study suggests that the role of social partnerships in shaping

All DNA sequences of OTUs and strains as reported in Table S3
in Appendix S1 are accessible via

GENBANK,

and accession numbers

a host’s symbiotic microbiome is variable and likely dependent on

are provided in the respective table.

whether the partnership is a “closed” symbiosis, with strict vertical

Unique microbial DNA sequences from the NJ-trees in Figure 2

transmission (Douglas, 2015; Pringle & Moreau, 2017). This is in line

are accessible via

with previous studies finding a large effect of social partnerships on

in Table S1 in Appendix S2 with representative samples.

microbiome formation in the case of “open” symbioses where

Complete MiSeq count tables, taxonomies, fasta sequence files

microbes are acquired from the environment (Lax et al., 2014; Prin-

and

gle & Moreau, 2017; Song et al., 2013). The species-specific patterns

tory: https://doi.org/10.5061/dryad.t2q12.

we observed may also be the result of historic events derived from

All curated sequences, sequence alignments and original NJ and

shared social partnerships. Because in ant–trophobiont relationships,

RaxML trees from Geneious are available from the Dryad Digital

both animal hosts are nutritionally so intricately connected, it is

Repository: https://doi.org/10.5061/dryad.t2q12.

potentially the microbiome that sets the boundaries of viable mutu-

Network tables and R scripts for the network specificity analyses

MOTHUR

GENBANK,

and accession numbers are provided

scripts are available from the Dryad Digital Reposi-

alisms, with only those ant–trophobiont partnerships persisting that

of the aphid–Buchnera and ant–Acetobacteraceae networks are

harbour complementary microbiomes. Future studies, including those

available from the Dryad Digital Repository: https://doi.org/10.

employing experimentally manipulated ant and trophobiont micro-

5061/dryad.t2q12.

biomes, will be able to shed further light on the emerging question

All raw MiSeq sequencing reads are accessible via the Sequence

of whether it is, in fact, the microbes that indirectly govern mainte-

Read Archive at https://www.ncbi.nlm.nih.gov/sra/SRP128691.

nance of the higher level animal-animal social partnerships in which
they play such essential nutritional roles.

ACKNOWLEDGEMENTS

AUTHOR CONTRIBUTIONS
A.B.F.I. and D.J.C.K. designed the study, with input from E.T.K.;
A.B.F.I. and A.G. collected field samples and performed laboratory

The authors thank Jacob Russell, Guillaume Chomicki and two

analyses; A.B.F.I. performed data analysis; A.B.F.I. wrote the manu-

anonymous reviewers for their constructive comments on the manu-

script with support from E.T.K. and D.J.C.K.; D.J.C.K. supervised the

script; Christoph von Beeren, Leonora Olivos-Cisneros, Sean McKen-

project.

zie, Peter Oxley, Piotr Lukasik, Marten van de Sanden and Stephanie
Weldon for providing advice and support on laboratory procedures

ORCID

and data analysis; Tim Gale, Mark Wolek and Kate Leitch for providing help in the field, and the Rockefeller University Center for Field

Aniek B. F. Ivens

http://orcid.org/0000-0003-4924-8966

14

|

REFERENCES
Anderson, K. E., Russell, J. A., Moreau, C. S., Kautz, S., Sullam, K. E., Hu,
Y., . . . Wheeler, D. E. (2012). Highly similar microbial communities are
shared among related and trophically similar ant species. Molecular
Ecology, 21(9), 2282–2296. https://doi.org/10.1111/j.1365-294X.
2011.05464.x
Ano, Y., Toyama, H., Adachi, O., & Matsushita, K. (2008). Energy metabolism of a unique acetic acid bacterium, Asaia bogorensis, that lacks
ethanol oxidation activity. Bioscience, Biotechnology, and Biochemistry,
72(4), 989–997. https://doi.org/10.1271/bbb.70740
Bach, C. (1991). Direct and indirect interactions between ants (Pheidole
megacephala), scales (Coccus viridis) and plants (Pluchea indica).
Oecologia, 87(2), 233–239. https://doi.org/10.1007/BF00325261
Barnett, C., Nazzal, L., Goldfarb, D. S., & Blaser, M. J. (2016). The presence of Oxalobacter formigenes in the microbiome of healthy young
adults. The Journal of Urology, 195(2), 499–506. https://doi.org/10.
1016/j.juro.2015.08.070
Baumann, L., Thao, M. L., Hess, J. M., Johnson, M. W., & Baumann, P.
(2002). The genetic properties of the primary endosymbionts of
mealybugs differ from those of other endosymbionts of plant sapsucking insects. Applied and Environmental Microbiology, 68(7), 3198–
3205. https://doi.org/10.1128/AEM.68.7.3198-3205.2002
€thgen, N., Menzel, F., & Blu
€thgen, N. (2006). Measuring specialization
Blu
in species interaction networks. BMC Ecology, 6(1), 9. https://doi.org/
10.1186/1472-6785-6-9
Brady, S. G., Gadau, J., & Ward, P. S. (2000). Systematics of the ant
genus Camponotus (Hymenoptera: Formicidae): a preliminary analysis
using data from the mitochondrial gene cytochrome oxidase I. Hymenoptera: Evolution, Biodiversity and Biological Control. Fourth International Hymenoptera Conference, Held in Canberra, Australia, in
January 1999. pp. 131–139.
Brock, D. A., Douglas, T. E., Queller, D. C., & Strassmann, J. E. (2011).
Primitive agriculture in a social amoeba. Nature, 469(7330), 393–396.
https://doi.org/10.1038/nature09668
Brown, B. P., & Wernegreen, J. J. (2016). Deep divergence and rapid evolutionary rates in gut-associated Acetobacteraceae of ants. BMC
Microbiology, 16, https://doi.org/10.1186/s12866-016-0721-8
Brucker, R. M., & Bordenstein, S. R. (2013). The hologenomic basis of
speciation: Gut bacteria cause hybrid lethality in the genus Nasonia.
Science, 341(6146), 667–669. https://doi.org/10.1126/science.
1240659
Burke, G. R., & Moran, N. A. (2011). Massive genomic decay in Serratia
symbiotica, a recently evolved symbiont of aphids. Genome Biology
and Evolution, 3, 195–208. https://doi.org/10.1093/gbe/evr002
Burke, G. R., Normark, B. B., Favret, C., & Moran, N. A. (2009). Evolution
and diversity of facultative symbionts from the aphid subfamily Lachninae. Applied and Environmental Microbiology, 75(16), 5328–5335.
https://doi.org/10.1128/AEM.00717-09
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J.,
Fierer, N., . . . Knight, R. (2012). Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. The ISME
Journal, 6(8), 1621–1624. https://doi.org/10.1038/ismej.2012.8
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone,
C. A., Turnbaugh, P. J., . . . Knight, R. (2011). Global patterns of 16S
rRNA diversity at a depth of millions of sequences per sample. Proceedings of the National Academy of Sciences of the United States of
America, 108(Suppl. 1), 4516–4522. https://doi.org/10.1073/pnas.
1000080107
Chen, R., Wang, Z., Chen, J., & Qiao, G.-X. (2015). Avoidance and potential remedy solutions of chimeras in reconstructing the phylogeny of
aphids using the 16S rRNA gene of Buchnera: A case in Lachninae
(Hemiptera). International Journal of Molecular Sciences, 16(9), 20152–
20167. https://doi.org/10.3390/ijms160920152

IVENS

ET AL.

Chomicki, G., Janda, M., & Renner, S. S. (2017). The assembly of antfarmed gardens: Mutualism specialization following host broadening.
Proceedings of the Royal Society B, 284(1850), 20161759. https://doi.
org/10.1098/rspb.2016.1759
Chomicki, G., & Renner, S. S. (2016). Obligate plant farming by a specialized ant. Nature Plants, 2(12), 16181. https://doi.org/10.1038/npla
nts.2016.181
Clark, E. L., Daniell, T. J., Wishart, J., Hubbard, S. F., & Karley, A. J.
(2012). How conserved are the bacterial communities associated with
aphids? A detailed assessment of the Brevicoryne brassicae (Hemiptera: Aphididae) using 16S rDNA. Environmental Entomology, 41(6),
1386–1397. https://doi.org/10.1603/EN12152
Cole, J. R., Wang, Q., Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y., . . .
Tiedje, J. M. (2014). Ribosomal database project: Data and tools for
high throughput rRNA analysis. Nucleic Acids Research, 42(D1),
D633–D642. https://doi.org/10.1093/nar/gkt1244
Currie, C. R., Wong, B., Stuart, A. E., Schultz, T. R., Rehner, S. A., Mueller,
U. G., . . . Straus, N. A. (2003). Ancient tripartite coevolution in the
attine ant-microbe symbiosis. Science, 299(5605), 386–388. https://d
oi.org/10.1126/science.1078155
Darby, A. C., Birkle, L. M., Turner, S. L., & Douglas, A. E. (2001). An
aphid-borne bacterium allied to the secondary symbionts of whitefly.
Fems Microbiology Ecology, 36(1), 43–50. https://doi.org/10.1111/j.
1574-6941.2001.tb00824.x
Dhami, M. K., Buckley, T. R., Beggs, J. R., & Taylor, M. W. (2013). Primary
symbiont of the ancient scale insect family Coelostomidiidae exhibits
strict cophylogenetic patterns. Symbiosis, 61(2), 77–91. https://doi.
org/10.1007/s13199-013-0257-8
von Dohlen, C. D., Kohler, S., Alsop, S. T., & McManus, W. R. (2001).
Mealybug b-proteobacterial endosymbionts contain c-proteobacterial
symbionts. Nature, 412(6845), 433–436. https://doi.org/10.1038/
35086563
€nd, J. (2008). Introducing the bipartite
Dormann, C. F., Gruber, B., & Fru
package: Analysing ecological networks. R News, 8(2), 8–11.
Douglas, A. E. (1998). Nutritional interactions in insect-microbial symbioses: Aphids and their symbiotic bacteria Buchnera. Annual Review
of Entomology, 43, 17–37. https://doi.org/10.1146/annurev.ento.43.1.
17
Douglas, A. E. (2015). The special case of symbioses: Mutualisms with
persistent contact. In J. L. Bronstein (Ed.), Mutualism (pp. 20–34).
Oxford, UK: Oxford University Press. https://doi.org/10.1093/acprof:
oso/9780199675654.001.0001
Dubilier, N., Bergin, C., & Lott, C. (2008). Symbiotic diversity in marine
animals: The art of harnessing chemosynthesis. Nature Reviews Microbiology, 6(10), 725–740. https://doi.org/10.1038/nrmicro1992
Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., & Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics, 27(16), 2194–2200. https://doi.org/10.1093/bioinformatic
s/btr381
Ellison, A. M., Gotelli, N. J., Farnsworth, E. J., & Alpert, G. D. (2012). A
field guide to the ants of New England. New Haven, CT & London, UK:
Yale University Press.
El-Ziady, S., & Kennedy, J. S. (1956). Beneficial effects of the common
garden ant, Lasius niger L., on the black bean aphid, Aphis fabae Scopoli. Proceedings of the Royal Entomological Society of London: Series A,
General Entomology, 31(4–6), 61–65. https://doi.org/10.1111/j.13653032.1956.tb00208.x
Fisher, R. M., Henry, L. M., Cornwallis, C. K., Kiers, E. T., & West, S. A.
(2017). The evolution of host-symbiont dependence. Nature Communications, 8, 15973. https://doi.org/10.1038/ncomms15973
Folmer, O., Black, M., Hoeh, W., Lutz, R., & Vrijenhoek, R. (1994). DNA
primers for amplification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates. Molecular Marine Biology
and Biotechnology, 3(5), 294–299.

IVENS

ET AL.

Gonella, E., Pajoro, M., Marzorati, M., Crotti, E., Mandrioli, M., Pontini,
M., . . . Alma, A. (2015). Plant-mediated interspecific horizontal transmission of an intracellular symbiont in insects. Scientific Reports, 5,
15811. https://doi.org/10.1038/srep15811
, Y. (1994). Observations on the
Grenier, A.-M., Nardon, C., & Rahbe
micro-organisms occurring in the gut of the pea aphid Acyrthosiphon
pisum. Entomologia Experimentalis et Applicata, 70(1), 91–96. https://d
oi.org/10.1111/j.1570-7458.1994.tb01762.x
Groussin, M., Mazel, F., Sanders, J. G., Smillie, C. S., Lavergne, S., Thuiller,
W., & Alm, E. J. (2017). Unraveling the processes shaping mammalian
gut microbiomes over evolutionary time. Nature Communications, 8,
14319. https://doi.org/10.1038/ncomms14319
Gruber-Vodicka, H. R., Dirks, U., Leisch, N., Baranyi, C., Stoecker, K., Bulgheresi, S., . . . Ott, J. (2011). Paracatenula, an ancient symbiosis
between thiotrophic Alphaproteobacteria and catenulid flatworms. Proceedings of the National Academy of Sciences of the United States of America, 108(29), 12078–12083. https://doi.org/10.1073/pnas.1105347108
Harada, H., Oyaizu, H., & Ishikawa, H. (1996). A consideration about the
origin of aphid intracellular symbiont in connection with gut bacterial
flora. Journal of General and Applied Microbiology, 42(1), 17–26.
https://doi.org/10.2323/jgam.42.17
Hata, H., & Kato, M. (2006). A novel obligate cultivation mutualism
between damselfish and Polysiphonia algae. Biology Letters, 2(4), 593–
596. https://doi.org/10.1098/rsbl.2006.0528
Henry, L. M., Maiden, M. C. J., Ferrari, J., & Godfray, H. C. J. (2015).
Insect life history and the evolution of bacterial mutualism. Ecology
Letters, 18(6), 516–525. https://doi.org/10.1111/ele.12425
Henry, L. M., Peccoud, J., Simon, J. C., Hadfield, J. D., Maiden, M. J. C.,
Ferrari, J., & Godfray, H. C. J. (2013). Horizontally transmitted symbionts and host colonization of ecological niches. Current Biology, 23
(17), 1713–1717. https://doi.org/10.1016/j.cub.2013.07.029
Hu, Y., Holway, D. A., Łukasik, P., Chau, L., Kay, A. D., LeBrun, E. G., . . .
Russell, J. A. (2017). By their own devices: Invasive Argentine ants
have shifted diet without clear aid from symbiotic microbes. Molecular Ecology, 26(6), 1608–1630. https://doi.org/10.1111/mec.13991
Husnik, F., & McCutcheon, J. P. (2016). Repeated replacement of an
intrabacterial symbiont in the tripartite nested mealybug symbiosis.
Proceedings of the National Academy of Sciences, 113(37), E5416–
E5424. https://doi.org/10.1073/pnas.1603910113
Husnik, F., Nikoh, N., Koga, R., Ross, L., Duncan, R. P., Fujie, M., . . .
McCutcheon, J. P. (2013). Horizontal gene transfer from diverse bacteria to an insect genome enables a tripartite nested mealybug symbiosis.
Cell, 153(7), 1567–1578. https://doi.org/10.1016/j.cell.2013.05.040
Illumina. (2013). 16S Metagenomic Sequencing Library Preparation. Retrieved
from https://support.illumina.com/documents/documentation/chemis
try_documentation/16s/16s-metagenomic-library-prep-guide-15044
223-b.pdf
Ivens, A. B. F. (2015). Cooperation and conflict in ant (Hymenoptera:
Formicidae) farming mutualisms – a review. Myrmecological News, 21,
19–36.
Ivens, A. B. F., Kronauer, D. J. C., Pen, I., Weissing, F. J., & Boomsma, J.
J. (2012a). Ants farm subterranean aphids mostly in single clone
groups – an example of prudent husbandry for carbohydrates and
proteins? BMC Evolutionary Biology, 12, 106. https://doi.org/10.1186/
1471-2148-12-106
Ivens, A. B. F., Kronauer, D. J. C., Pen, I., Weissing, F. J., & Boomsma, J.
J. (2012b). Dispersal and reproduction in an ant-associated root aphid
community. Molecular Ecology, 21, 4257–4269. https://doi.org/10.
1111/j.1365-294X.2012.05701.x
€thgen, N., & Kronauer, D. J. C. (2016).
Ivens, A. B. F., von Beeren, C., Blu
Studying the complex communities of ants and their symbionts using
ecological network analysis. Annual Review of Entomology, 61(1), 353–
371. https://doi.org/10.1146/annurev-ento-010715-023719
Jousselin, E., Desdevises, Y., & D’acier, A. C. (2009). Fine-scale cospeciation between Brachycaudus and Buchnera aphidicola: Bacterial

|

15

genome helps define species and evolutionary relationships in aphids.
Proceedings of the Royal Society B: Biological Sciences, 276(1654),
187–196. https://doi.org/10.1098/rspb.2008.0679
Joy, J. B. (2013). Symbiosis catalyses niche expansion and diversification.
Proceedings of the Royal Society B: Biological Sciences, 280(1756),
20122820. https://doi.org/10.1098/rspb.2012.2820
Kaltenpoth, M., Roeser-Mueller, K., Koehler, S., Peterson, A., Nechitaylo,
T. Y., Stubblefield, J. W., . . . Strohm, E. (2014). Partner choice and
fidelity stabilize coevolution in a Cretaceous-age defensive symbiosis.
Proceedings of the National Academy of Sciences, 111(17), 6359–6364.
https://doi.org/10.1073/pnas.1400457111
Kautz, S., Rubin, B. E. R., & Moreau, C. S. (2013). Bacterial infections
across the ants: Frequency and prevalence of Wolbachia, Spiroplasma,
and Asaia. Psyche: A Journal of Entomology, 2013, e936341. https://d
oi.org/10.1155/2013/936341
Kiers, E. T., & West, S. A. (2015). Evolving new organisms via symbiosis.
Science, 348(6233), 392–394. https://doi.org/10.1126/science.aaa
9605
Koga, R., Tsuchida, T., & Fukatsu, T. (2003). Changing partners in an obligate symbiosis: A facultative endosymbiont can compensate for loss
of the essential endosymbiont Buchnera in an aphid. Proceedings of
the Royal Society of London B: Biological Sciences, 270(1533), 2543–
2550. https://doi.org/10.1098/rspb.2003.2537
Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., & Schloss, P.
D. (2013). Development of a dual-index sequencing strategy and
curation pipeline for analyzing amplicon sequence data on the MiSeq
Illumina sequencing platform. Applied and Environmental Microbiology,
79(17), 5112–5120. https://doi.org/10.1128/AEM.01043-13
Law, R., & Lewis, D. H. (1983). Biotic environments and the maintenance
of sex – some evidence from mutualistic symbioses. Biological Journal
of the Linnean Society, 20, 249–276. https://doi.org/10.1111/j.10958312.1983.tb01876.x
Lax, S., Smith, D. P., Hampton-Marcell, J., Owens, S. M., Handley, K. M.,
Scott, N. M., . . . Gilbert, J. A. (2014). Longitudinal analysis of microbial
interaction between humans and the indoor environment. Science, 345
(6200), 1048–1052. https://doi.org/10.1126/science.1254529
Leroy, P. D., Sabri, A., Heuskin, S., Thonart, P., Lognay, G., Verheggen, F.
J., . . . Haubruge, E. (2011). Microorganisms from aphid honeydew
attract and enhance the efficacy of natural enemies. Nature Communications, 2, 348. https://doi.org/10.1038/ncomms1347
 pez-Madrigal, S., Latorre, A., Moya, A., & Gil, R. (2015). The link
Lo
between independent acquisition of intracellular gamma-endosymbionts and concerted evolution in Tremblaya princeps. Frontiers in
Microbiology, 6, 642. https://doi.org/10.3389/fmicb.2015.00642
Lukasik, P., Newton, J. A., Sanders, J. G., Hu, Y., Moreau, C., Kronauer, D.
J. C., . . . Russell, J. A. (2017). The structured diversity of specialized
gut symbionts of the New World army ants. Molecular Ecology, 26,
3808–3825.
Macke, E., Tasiemski, A., Massol, F., Callens, M., & Decaestecker, E. (2017).
Life history and eco-evolutionary dynamics in light of the gut microbiota. Oikos, 126(4), 508–531. https://doi.org/10.1111/oik.03900
Malausa, T., Fenis, A., Warot, S., Germain, J.-F., Ris, N., Prado, E., . . . Kreiter, P. (2011). DNA markers to disentangle complexes of cryptic taxa
in mealybugs (Hemiptera: Pseudococcidae). Journal of Applied Entomology, 135(1–2), 142–155. https://doi.org/10.1111/j.1439-0418.
2009.01495.x
Matthew, C. Z., Darby, A. C., Young, S. A., Hume, L. H., & Welburn, S. C.
(2005). The rapid isolation and growth dynamics of the tsetse symbiont Sodalis glossinidius. FEMS Microbiology Letters, 248(1), 69–74.
https://doi.org/10.1016/j.femsle.2005.05.024
McCutcheon, J. P., & von Dohlen, C. D. (2011). An interdependent metabolic patchwork in the nested symbiosis of mealybugs. Current Biology, 21(16), 1366–1372. https://doi.org/10.1016/j.cub.2011.06.051
McFall-Ngai, M. (2008). Hawaiian bobtail squid. Current Biology, 18(22),
R1043–R1044. https://doi.org/10.1016/j.cub.2008.08.059

16

|

Meseguer, A. S., Manzano-Marın, A., Coeur d’Acier, A., Clamens, A.-L.,
Godefroid, M., & Jousselin, E. (2017). Buchnera has changed flatmate
but the repeated replacement of co-obligate symbionts is not associated with the ecological expansions of their aphid hosts. Molecular
Ecology, 26(8), 2363–2378. https://doi.org/10.1111/mec.13910
Montllor, C. B., Maxmen, A., & Purcell, A. H. (2002). Facultative bacterial
endosymbionts benefit pea aphids Acyrthosiphon pisum under heat
stress. Ecological Entomology, 27(2), 189–195. https://doi.org/10.
1046/j.1365-2311.2002.00393.x
Moran, N. A. (2007). Symbiosis as an adaptive process and source of
phenotypic complexity. Proceedings of the National Academy of
Sciences, 104(Suppl. 1), 8627–8633. https://doi.org/10.1073/pnas.
0611659104
Moran, N. A., McCutcheon, J. P., & Nakabachi, A. (2008). Genomics and evolution of heritable bacterial symbionts. Annual Review of Genetics, 42,
165–190. https://doi.org/10.1146/annurev.genet.41.110306.130119
Moreau, C. S., & Rubin, B. E. R. (2017). Diversity and persistence of the
gut microbiome of the Giant Neotropical Bullet Ant. Integrative and
Comparative Biology, 57, 682–689. https://doi.org/10.1093/icb/ic
x037
Mueller, U. G., Gerardo, N. M., Aanen, D. K., Six, D. L., & Schultz, T. R.
(2005). The evolution of agriculture in insects. Annual Review of Ecology Evolution and Systematics, 36, 563–595. https://doi.org/10.1146/
annurev.ecolsys.36.102003.152626
Mueller, U. G., Mikheyev, A. S., Hong, E., Sen, R., Warren, D. L., Solomon,
S. E., . . . Juenger, T. E. (2011). Evolution of cold-tolerant fungal symbionts permits winter fungiculture by leafcutter ants at the northern
frontier of a tropical ant–fungus symbiosis. Proceedings of the National
Academy of Sciences, 108(10), 4053–4056. https://doi.org/10.1073/
pnas.1015806108
Mueller, U. G., Mikheyev, A. S., Solomon, S. E., & Cooper, M. (2011).
Frontier mutualism: Coevolutionary patterns at the northern range
limit of the leaf-cutter ant–fungus symbiosis. Proceedings of the Royal
Society B: Biological Sciences, 278(1721), 3050–3059. https://doi.org/
10.1098/rspb.2011.0125
Munson, M. A., Baumann, P., Clark, M. A., Baumann, L., Moran, N. A.,
Voegtlin, D. J., & Campbell, B. C. (1991). Evidence for the establishment of aphid-eubacterium endosymbiosis in an ancestor of 4 aphid
families. Journal of Bacteriology, 173(20), 6321–6324. https://doi.org/
10.1128/jb.173.20.6321-6324.1991
Novakova, E., Hypsa, V., Klein, J., Foottit, R. G., von Dohlen, C. D., &
Moran, N. A. (2013). Reconstructing the phylogeny of aphids (Hemiptera: Aphididae) using DNA of the obligate symbiont Buchnera
aphidicola. Molecular Phylogenetics and Evolution, 68(1), 42–54.
https://doi.org/10.1016/j.ympev.2013.03.016
Oliver, K. M., Degnan, P. H., Burke, G. R., & Moran, N. A. (2010). Facultative symbionts in aphids and the horizontal transfer of ecologically
important traits. Annual Review of Entomology, 55, 247–266. https://d
oi.org/10.1146/annurev-ento-112408-085305
Patefield, W. M. (1981). Algorithm AS 159: An efficient method of generating random R 9 C tables with given row and column totals. Journal of the Royal Statistical Society: Series C (Applied Statistics), 30(1),
91–97. https://doi.org/10.2307/2346669
Paul, R. G. (1977). Aspects of the Biology and Taxonomy of British Myrmecophilous Root Aphids. Doctoral dissertation, London, UK: Imperial
College London.
Pauli, J. N., Mendoza, J. E., Steffan, S. A., Carey, C. C., Weimer, P. J., &
Peery, M. Z. (2014). A syndrome of mutualism reinforces the lifestyle
of a sloth. Proceedings of the Royal Society B: Biological Sciences, 281
(1778), 20133006. https://doi.org/10.1098/rspb.2013.3006
rez-Brocal, V., Gil, R., Ramos, S., Lamelas, A., Postigo, M., Michelena, J.
Pe
M., . . . Latorre, A. (2006). A small microbial genome: The end of a
long symbiotic relationship? Science, 314(5797), 312–313. https://doi.
org/10.1126/science.1130441

IVENS

ET AL.

Pinto-Tomas, A. A., Anderson, M. A., Suen, G., Stevenson, D. M., Chu, F.
S. T., Cleland, W. W., . . . Currie, C. R. (2009). Symbiotic nitrogen fixation in the fungus gardens of leaf-cutter ants. Science, 326(5956),
1120–1123. https://doi.org/10.1126/science.1173036
Pontin, A. J. (1978). Numbers and distribution of subterranean aphids
and their exploitation by the ant Lasius flavus (Fabr.). Ecological Entomology, 3(3), 203–207. https://doi.org/10.1111/j.1365-2311.1978.tb
00920.x
Poulsen, M., Fernandez-Marin, H., Currie, C. R., & Boomsma, J. J. (2009).
Ephemeral windows of opportunity for horizontal transmission of
fungal symbionts in leaf-cutting ants. Evolution, 63(9), 2235–2247.
https://doi.org/10.1111/j.1558-5646.2009.00704.x
Pringle, E. G., & Moreau, C. S. (2017). Community analysis of microbial
sharing and specialization in a Costa Rican ant–plant–hemipteran
symbiosis. Proceedings of the Royal Society B, 284(1850), 20162770.
https://doi.org/10.1098/rspb.2016.2770
R Development Core Team (2011). R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
Ramalho, M. O., Bueno, O. C., & Moreau, C. S. (2017). Microbial composition of spiny ants (Hymenoptera: Formicidae: Polyrhachis) across
their geographic range. BMC Evolutionary Biology, 17, 96. https://doi.
org/10.1186/s12862-017-0945-8
Rangan, K. J., Pedicord, V. A., Wang, Y.-C., Kim, B., Lu, Y., Shaham, S., . . .
Hang, H. C. (2016). A secreted bacterial peptidoglycan hydrolase
enhances tolerance to enteric pathogens. Science, 353(6306), 1434–
1437. https://doi.org/10.1126/science.aaf3552
Raychoudhury, R., Sen, R., Cai, Y., Sun, Y., Lietze, V.-U., Boucias, D. G., &
Scharf, M. E. (2013). Comparative metatranscriptomic signatures of
wood and paper feeding in the gut of the termite Reticulitermes flavipes (Isoptera: Rhinotermitidae). Insect Molecular Biology, 22(2), 155–
171. https://doi.org/10.1111/imb.12011
Ross, L., & Shuker, D. M. (2009). Scale insects. Current Biology, 19(5),
R184–R186. https://doi.org/10.1016/j.cub.2008.12.023
Russell, J. A. (2012). The ants (Hymenoptera: Formicidae) are unique and
enigmatic hosts of prevalent Wolbachia (Alphaproteobacteria) symbionts. Myrmecological News, 16, 7–23.
Russell, J. A., Funaro, C. F., Giraldo, Y. M., Goldman-Huertas, B., Suh, D.,
Kronauer, D. J. C., . . . Pierce, N. E. (2012). A veritable menagerie of
heritable bacteria from ants, butterflies, and beyond: Broad molecular
surveys and a systematic review. PLoS One, 7(12), e51027. https://d
oi.org/10.1371/journal.pone.0051027
~oz, B., Moya, A., & Moran, N. A.
Russell, J. A., Latorre, A., Sabater-Mun
(2003). Side-stepping secondary symbionts: Widespread horizontal
transfer across and beyond the Aphidoidea. Molecular Ecology, 12(4),
1061–1075. https://doi.org/10.1046/j.1365-294X.2003.01780.x
Russell, J. A., & Moran, N. A. (2006). Costs and benefits of symbiont
infection in aphids: Variation among symbionts and across temperatures. Proceedings: Biological Sciences, 273(1586), 603–610.
Russell, J. A., Moreau, C. S., Goldman-Huertas, B., Fujiwara, M., Lohman,
D. J., & Pierce, N. E. (2009). Bacterial gut symbionts are tightly linked
with the evolution of herbivory in ants. Proceedings of the National
Academy of Sciences of the United States of America, 106(50), 21236–
21241. https://doi.org/10.1073/pnas.0907926106
Russell, J. A., Sanders, J. G., & Moreau, C. S. (2017). Hotspots for symbiosis: Function, evolution, and specificity of ant-microbe associations
from trunk to tips of the ant phylogeny (Hymenoptera: Formicidae).
Myrmecological News, 24, 43–69.
Salter, S. J., Cox, M. J., Turek, E. M., Calus, S. T., Cookson, W. O., Moffatt, M. F., . . . Walker, A. W. (2014). Reagent and laboratory contamination can critically impact sequence-based microbiome analyses.
BMC Biology, 12(1), 87. https://doi.org/10.1186/s12915-014-0087-z
Samaddar, N., Paul, A., Chakravorty, S., Chakraborty, W., Mukherjee, J.,
Chowdhuri, D., & Gachhui, R. (2011). Nitrogen fixation in Asaia sp.

IVENS

|

ET AL.

(Family Acetobacteraceae). Current Microbiology, 63(2), 226–231.
https://doi.org/10.1007/s00284-011-9968-3
Sanders, J. G., Łukasik, P., Frederickson, M. E., Russell, J. A., Koga, R.,
Knight, R., & Pierce, N. E. (2017). Dramatic differences in gut bacterial densities correlate with diet and habitat in rainforest ants. Integrative and Comparative Biology, 57(4), 705–722. https://doi.org/10.
1093/icb/icx088
Sanders, J. G., Powell, S., Kronauer, D. J. C., Vasconcelos, H. L., Frederickson, M. E., & Pierce, N. E. (2014). Stability and phylogenetic correlation in gut microbiota: Lessons from ants and apes. Molecular
Ecology, 23, 1268–1283.https://doi.org/10.1111/mec.12611
Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., . . . Weber, C. F. (2009). Introducing mothur: Open-source,
platform-independent, community-supported software for describing
and comparing microbial communities. Applied and Environmental
Microbiology, 75(23), 7537–7541. https://doi.org/10.1128/AEM.
01541-09
Simon, C., Frati, F., Beckenbach, A., Crespi, B., Liu, H., & Flook, P. (1994).
Evolution, weighting, and phylogenetic utility of mitochondrial gene
sequences and a compilation of conserved polymerase chain reaction
primers. Annals of the Entomological Society of America, 87(6), 651–
701. https://doi.org/10.1093/aesa/87.6.651
Simon, J. C., Rispe, C., & Sunnucks, P. (2002). Ecology and evolution of
sex in aphids. Trends in Ecology & Evolution, 17(1), 34–39. https://doi.
org/10.1016/S0169-5347(01)02331-X
Simonsen, A. K., Dinnage, R., Barrett, L. G., Prober, S. M., & Thrall, P. H.
(2017). Symbiosis limits establishment of legumes outside their native
range at a global scale. Nature Communications, 8, 14790. https://doi.
org/10.1038/ncomms14790
Sintupachee, S., Milne, J. R., Poonchaisri, S., Baimai, V., & Kittayapong, P.
(2006). Closely related Wolbachia strains within the pumpkin arthropod community and the potential for horizontal transmission via the
plant. Microbial Ecology, 51(3), 294–301. https://doi.org/10.1007/
s00248-006-9036-x
€ , A., & Pamilo, P. (2010). Multiple endosymbionts in populations of
Sirvio
the ant Formica cinerea. BMC Evolutionary Biology, 10, 335. https://d
oi.org/10.1186/1471-2148-10-335
Song, S. J., Lauber, C., Costello, E. K., Lozupone, C. A., Humphrey, G.,
Berg-Lyons, D., . . . Knight, R. (2013). Cohabiting family members
share microbiota with one another and with their dogs. ELife, 2,
e00458. https://doi.org/10.7554/eLife. 00458
Sreerag, R. S., Jayaprakas, C. A., Ragesh, L., & Kumar, S. N. (2014).
Endosymbiotic bacteria associated with the mealybug, Rhizoecus
amorphophalli (Hemiptera: Pseudococcidae) [Research article].
https://doi.org/10.1155/2014/268491
Stahlhut, J. K., Desjardins, C. A., Clark, M. E., Baldo, L., Russell, J. A., Werren, J. H., & Jaenike, J. (2010). The mushroom habitat as an

17

ecological arena for global exchange of Wolbachia. Molecular Ecology,
19(9), 1940–1952. https://doi.org/10.1111/j.1365-294X.2010.04572.
x
Stamatakis, A. (2014). RAxML version 8: A tool for phylogenetic analysis
and post-analysis of large phylogenies. Bioinformatics, 30(9), 1312–
1313. https://doi.org/10.1093/bioinformatics/btu033
Sudakaran, S., Salem, H., Kost, C., & Kaltenpoth, M. (2012). Geographical
and ecological stability of the symbiotic mid-gut microbiota in European firebugs, Pyrrhocoris apterus (Hemiptera, Pyrrocoridae). Molecular
Ecology, 21, 6134–6151. https://doi.org/10.1111/mec.12027
Van Leuven, J. T., Meister, R. C., Simon, C., & McCutcheon, J. P. (2014).
Sympatric speciation in a bacterial endosymbiont results in two genomes with the functionality of one. Cell, 158(6), 1270–1280.
https://doi.org/10.1016/j.cell.2014.07.047
Way, M. J. (1963). Mutualism between ants and honeydew-producing
Homoptera. Annual Review of Entomology, 8, 307–344. https://doi.
org/10.1146/annurev.en.08.010163.001515
West, S. A., Fisher, R. M., Gardner, A., & Kiers, E. T. (2015). Major evolutionary transitions in individuality. Proceedings of the National Academy of Sciences, 112(33), 10112–10119. https://doi.org/10.1073/pna
s.1421402112
Wulff, J. L. (1985). Clonal organisms and the evolution of mutualism. In J.
B. C. Jackson, L. W. Buss & R. E. Cook (Eds.) Population Biology and
Evolution of Clonal Organisms (pp. 437–466). New Haven, CT: Yale
University Press.
€
€ lfer, H. (1958). Zur Systematik, Biologie, and Okologie
Zwo
unterirdisch
€r Angelebender Aphiden (Homoptera, Aphidoidea). Zeitschrift Fu
wandte Entomologie, 40, 182–221.

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the supporting information tab for this article.

How to cite this article: Ivens ABF, Gadau A, Kiers ET,
Kronauer DJC. Can social partnerships influence the
microbiome? Insights from ant farmers and their trophobiont
mutualists. Mol Ecol. 2018;00:1–17. https://doi.org/10.1111/
mec.14506

