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The detection of honey bee (Apis
mellifera)-associated viruses in ants
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Interspecies virus transmission involving economically important pollinators, including honey bees
(Apis mellifera), has recently sparked research interests regarding pollinator health. Given that ants
are common pests within apiaries in the southern U.S., the goals of this study were to (1) survey ants
found within or near managed honey bee colonies, (2) document what interactions are occurring
between ant pests and managed honey bees, and 3) determine if any of six commonly occurring honey
bee-associated viruses were present in ants collected from within or far from apiaries. Ants belonging
to 14 genera were observed interacting with managed honey bee colonies in multiple ways, most
commonly by robbing sugar resources from within hives. We detected at least one virus in 89% of the
ant samples collected from apiary sites (n=57) and in 15% of ant samples collected at non-apiary sites
(n=20). We found that none of these ant samples tested positive for the replication of Deformed wing
virus, Black queen cell virus, or Israeli acute paralysis virus, however. Future studies looking at possible
virus transmission between ants and bees could determine whether ants can be considered mechanical
vectors of honey bee-associated viruses, making them a potential threat to pollinator health.

Positive-sense, single-stranded RNA viruses make up the largest group of honey bee (Apis mellifera) infecting
pathogens worldwide!. Six of the most commonly occurring honey bee-associated viruses include Deformed
wing virus (DWYV), Black queen cell virus (BQCV), Israeli acute paralysis virus (IAPV), Acute bee paralysis virus
(ABPV), Kashmir bee virus (KBV), and Sacbrood virus (SBV)? Although the above listed are commonly referred
to as honey bee viruses, previous research has detected these viruses in a number of other arthropods including
the ectoparasitic mite Varroa destructor™*, other insect pollinators such as hoverflies, bumblebees, and solitary
bees®!?, and other Hymenopteran insects including some wasps and ants'>*-2, Both direct and indirect inter-
actions between honey bees and some of these arthropods (e.g., foraging at the same floral resource, parasitism,
and predation) have been proposed as possible routes in which interspecies transmission of honey bee-associated
viruses can occur®-32,

In the southern United States, ants are ubiquitous within apiaries and are common pests of managed honey
bees®. However, despite their abundance, few studies have focused on identifying the ants that are common pests
of honey bee colonies, or how ant pests interact with managed honey bees, especially in regards to interspecies
virus transmission and the impact it might have on honey bee health. The first study to detect the replication of
a honey bee-associated virus in an ant was conducted in France, where they found both the viral and replicative
genome of Chronic bee paralysis virus (CBPV) in the carpenter ant, Camponotus vagus**. A later study conducted
in North America that screened for honey bee-associated viruses in arthropods found near apiaries (including
the carpenter ant, Camponotus sp., and the pavement ant, Tetramorium caespitum) detected the presence of DWYV,
BQCYV, IAPV;, and SBV in Camponotus individuals. However, they did not detect any virus replication in the ants
sampled?®. Two studies conducted in New Zealand detected the presence of DWV, BQCYV, and KBV, as well as
the replicative form of DWV and KBV, in the Argentine ant, Linepithema humile*?. In another study, Lake Sinai
virus (LSV) and phylogenetically related viruses were detected in three species of harvester ants including Messor
concolor, M. barbarus, and M. capitatus®®. Moreover, it was recently found that Myrmica rubra ants collected
in Berlin, Germany can be infected with types A and B of DWV when fed infected honey bee pupae in caged
environments”.

In most of the above studies, ants were tested for the detection of honey bee-associated viruses without report-
ing how the ants naturally interacted with managed honey bees. To better understand which ants are pests within
apiaries and how these pests interact with and potentially impact managed honey bees, we (1) surveyed and
identified ants collected in or near apiaries in southern and central Texas, (2) documented the type of interactions
observed between ants and managed honey bees, and (3) screened for the presence of DWV, BQCV, IAPV, ABPYV,
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KBV, and SBV and the replication of DWV, BQCV, and IAPV in ants collected from apiary and non-apiary sites.
Our study revealed a number of ant taxa that act as common pests of honey bees within apiaries and explored
whether or not these ants may act as hosts of six honey bee-associated viruses, which could have important impli-
cations regarding honey bee health.

Results

Sample collection. We collected a total of 77 ant samples between 2017 and 2018 throughout Texas. A
sample consisted of a group of individuals that belonged to the same taxon and were in the same life stage (i.e. all
immatures or all adults) and were collected at the same site, on the same day, and from the same hive or nearby
ant colony. Of the 57 samples collected at apiary sites, 26 were collected directly from within or on honey bee
hives. The remaining 31 samples were collected within 20 meters of honey bee colonies, including structures or
areas where beekeepers stored equipment such as unused hive bodies or frames. We identified a total of 14 ant
genera, with the most common taxa being Solenopsis invicta (fire ants) and Crematogaster sp. (acrobat ants). In
addition to ants collected within apiaries, 20 ant samples belonging to six different genera were collected from
non-apiary sites to compare the presence of viruses between the two types of locations. A summary of the ant taxa
collected from apiary and non-apiary sites is listed in Table 1.

Interactions observed between honey bees and ants.  Ants at apiary sites were observed interacting
with managed honey bees in multiple ways including robbing sugar or pollen resources from within the hive,
scavenging dead honey bee adults, preying on honey bee brood, and cohabiting with bees within the hive (Fig. 1).
The most common interaction observed between ants and honey bees was the robbing of sugar resources includ-
ing nectar, honey, and/or beekeeper-supplied sugar syrup (Fig. 1a). Ants in the genera Brachymyrmex, Forelius,
Linepithema, Monomorium, Nylanderia and Solenopsis were observed either foraging from beekeeper-supplied
feeders or within wax cells where honey bees stored nectar. In some instances, entire bee colonies abandoned
their hives (i.e., absconded) due to high rates of robbing, done mostly by ants with large populations such as
Nylanderia fulva and Linepithema humile. Ants in the genera Formica, Monomorium, Pheidole, and Solenopsis
were also observed robbing and transporting pollen out of hives.

Camponotus and Solenopsis ants were observed scavenging dead adult bees from within or near hives (Fig. 1b),
while S. invicta was the only species observed preying on bee brood (Fig. 1¢). This behavior was common for col-
onies that were weak or those that had absconded or collapsed and contained abandoned brood. Small colonies
of Brachymyrmex ants were found living on top of hives, typically underneath bricks that were placed to keep the
hive lids from being blown oft by the wind. Only ants in the genus Crematogaster were found living within honey
bee hives (Fig. 1d). This included whole ant colonies containing eggs, immatures, workers, and reproductives
that lived either between the outer and inner covers of a hive or within tunnels that they had created through the
wood of hive boxes.

Diagnostic analysis of honey bee-associated viruses in ants.  Of the 14 ant genera associated with
honey bees that were collected within apiaries, 13 were screened for the presence of viruses. Monomorium mini-
mum ants were excluded from the analysis due to their small body mass and the inadequate number of individ-
uals collected per sample, which resulted in low RNA yield. Of the 57 ant samples collected from within apiaries,
51 (89%) tested positive for at least one virus. In many cases, we detected multiple viruses in a single ant sample.
The most prevalent virus in ants collected from apiaries was DW'V, with 38 of the 57 samples (66.7%) testing
positive (Table 1). The least prevalent virus was KBV, with only six of the 57 samples (10.5%) testing positive. At
non-apiary sites, only DWV and KBV were detected in S. invicta ants, with three of the 20 samples (15%) testing
positive for DWV and two (10%) testing positive for KBV.

No replication of DWV, BQCV, or IAPV detected inants. When conducting the initial strand-specific
RT-PCR to test for replication of DWV, BQCYV, and IAPV, one sample had tested positive for replicating DWV,
and four samples tested positive for replicating IAPV. All samples that had tested positive for viral replication
belonged to the genus Crematogaster, including one that consisted entirely of immature ants. However, when we
tested these five samples again and performed a digest step using Exonuclease I and a 10-fold dilution following
reverse transcription, we found that all of the previously positive samples tested negative for replication and were
considered to originally have yielded false positive results, indicating a lack of viral replication in any of the ant
samples collected from either apiary or non-apiary locations.

Discussion

Of the 500+ described ant species present in the United States, nearly 300 occur in the warm, subtropical climate
of Texas, with around 20 species considered non-native pests**. Personal communications with commercial and
backyard beekeepers (e.g., members of the Texas Beekeepers Association) made us aware of how common ants
are within managed apiaries. Depending on the genus, ants have been observed robbing sugar resources and pol-
len from within hives, preying on bee brood, scavenging dead adult bees, or cohabiting with honey bees within
their hives.

The ants most frequently found within apiaries were S. invicta and Crematogaster sp., both of which are com-
mon in Texas. Fire ants were often observed preying on bee brood and deceased adults, especially in hives that
had collapsed or were weak and close to collapsing. For instance, it is common practice by beekeepers in Texas
to place a frame of honeycomb infested with secondary pests (e.g., the greater and lesser wax moths, Galleria
mellonella and Achroia grisella) or diseased brood onto a S. invicta mound for the ants to “clean out” the comb for
future use (Gene Ash, pers. comm.). In the case of acrobat ants, entire colonies, including immatures and repro-
ductives, were found inhabiting hives between the inner and outer covers. In two different hives we observed that
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J Number of Number (%) of samples that tested positive for a virus
collected samples DWV BQCV IAPV ABPV KBV SBV
Aphaenogaster
texana (spine- 1 0 0 0 1(100%) 0 0
waisted ant)?
f;“(cfg’zﬁ’ ;’r’fte)fb 2 2 (100%) 1 (50%) 0 0 0 1 (50%)
(Cc‘zi’;)}’e‘il’z‘e’ﬁ‘fnstl)ﬁ 4 3(75%) 1(25%) 1(25%) 1(25%) 0 0
Scl;e(’:frtgg‘;f:;t)a 17 11 (64.7%) 9(52.9%) | 4(23.5%) | 11(64.7%) 1(5.9%) 3(17.6%)
fco}:zl;;‘:;gi)h 1 1(100%) 0 0 0 0 0
Formica sp.
(field ant)® 1 0 0 0 0 0 0
Linepithema
?X:’;ﬁﬁne 2 1(50%) 0 0 1(50%) 1(50%) 0
ant)b,c,f
Monomorium
Apiary sites minimum (little | 0 — — — — — —
(n=57) black ant)>*
Nylanderia sp.
(crazy ante 1 0 1 (100%) 1(100%) 1 (100%) 0 0
ﬁi’:(‘i‘i‘gi;fz')c(b‘g 4 3(75%) 2(50%) 1(25%) 0 0 0
Pogonomyrmex
sp. (harvester 1 0 0 0 1 (100%) 0 0
ant)
Pseudomyrmex
gracilis (elongate | 4 3(75%) 0 0 0 0 0
twig ant)
Solenopsis
invicta (fire 18 14 (77.8%) 8(44.4%) | 5(27.8%) | 7(38.9%) 4(222%) | 8(44.4%)
ant)bedis
Tapinoma sp.
(odorous house | 1 0 0 0 0 0 0
ant)
Total number of 57 o o o o o N
samples 38 (67%) 22 (39%) 12 (21%) 22 (39%) 6 (11%) 12 (21%)
Brachymyrmex
sp. (rover ant) 1 0 0 0 0 0 0
Crematogaster
sp. (acrobat ant) 3 0 0 0 0 0 0
Nylanderia sp. 1 0 0 0 0 0 0
(crazy ant)
. . Pheidole sp. (big
Non-apiary sites 3 0 0 0 0 0 0
(n=20) headed ant)
Pseudomyrmex
gracilis (elongate | 1 0 0 0 0 0 0
twig ant)
lsifvlfft‘;f’(sgr canty | 11 3(27.3%) 0 0 0 2(182%) |0
gﬁéfgmber of |59 3 (15%) 0 0 0 2(10%) 0

Table 1. Summary of ant samples collected from apiary and non-apiary locations throughout central Texas.
The table includes information on the ant taxa collected, the different interactions observed between ants and
managed honey bees within/near hives (denoted as superscript numbers alongside ant common names), and
the prevalence of six honey bee-associated viruses in the sampled ants after performing diagnostic analysis
using RT-PCR. A number of interactions were observed between ants and honey bees within managed apiaries
including: *cohabitation of honey bees and ants (including brood and reproductives) within the same honey
bee hive; *robbing of sugar resources (e.g., nectar, honey, and/or beekeeper-supplied sugar syrup) by ants from
within the hive; ‘robbing of pollen; Yforaging for honey/sugar from beekeeping equipment and/or supplies;
¢causing a honey bee colony to abscond due to an overwhelming level of robbing behavior by ants; fscavenging
of dead adult bees; and 8preying on honey bee brood or removing brood from the colony. Ants without a
number indicating an interaction type were collected on or near a honey bee hive but were not observed
interacting with the bee colony in any way. Viruses that were screened from collected ant samples included
Deformed wing virus (DWYV), Black queen cell virus (BQCV), Israeli acute paralysis virus (IAPV), Acute

bee paralysis virus (ABPV), Kashmir bee virus (KBV), and Sacbrood virus (SBV). Of the 57 ant samples that
were collected from within apiaries and provided viable RNA, 51 (89%) tested positive for at least one virus

of interest. For ants collected at non-apiary sites, only 3 of the 20 samples (15%) tested positive for at least one
virus of interest. In many instances, a single ant sample tested positive for multiple viruses. The table does
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not include virus information for Monomorium minimum, as none of those samples provided viable RNA.
Samples that tested positive for DWV, BQCV, and IAPV after the diagnostic RT-PCR were then analyzed for the
replication of these viruses by strand-specific RT-PCR. Data on the replication of viruses were not included, as
they were negative for all tested samples.

Figure 1. Depiction of some of the different interaction types observed between honey bees and ants within
apiaries including (a) predation: Solenopsis invicta workers removing a bee larva from within a cellin a
collapsed hive; (b) scavenging: S. invicta transporting the head and thorax of a dead adult drone out of a hive’s
entrance (photo credit: Pierre Lau); (¢) co-habitation: a Crematogaster sp. colony living within a honey bee top-
bar hive (photo credit: Pierre Lau); and (d) robbing of hive resources: Crematogaster sp. foraging trail leading
out of a honey bee nucleus colony.
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a colony of Crematogaster sp. had created tunnels and was dwelling within the wood of a hive box. This genus is
typically arboreal but has been known to live within dead wood on the ground™®.

Other less commonly encountered ants within apiaries were two invasive species from South America that
can reach large population densities in the United States: Nylanderia fulva (tawny crazy ants) and Linepithema
humile (Argentine ants). In two of the 21 apiary sites we sampled from, honey bee colonies absconded due to
overwhelming nectar robbing by invading tawny crazy ants or Argentine ants. Previous reports have documented
the eventual absconding or collapse of honey bee colonies when they are invaded and overrun by these ants if they
reach overwhelmingly large population densities®.

The various associations we observed between ants and honey bees are potential routes for interspecies trans-
mission of honey bee-associated viruses between these eusocial insects. A growing body of research has recently
focused on the detection of honey bee-associated viruses in other arthropod groups®-%. This area of research is
particularly important in the context of honey bee pathogen transmission given that viruses can rapidly mutate
and adapt to novel hosts, particularly those that are genetically similar or whose biological niche overlaps with
that of the original host. This rapid adaptation of viruses could have ecological consequences such as influencing
changes in the structure of a community containing susceptible insects®’.

It should be noted, however, that the identification of a virus in a novel host species is not indicative of a “spill-
over” event, the process through which a virus is transmitted from a reservoir population into a native or novel
host. Instead, at least in the case of honey bee-associated viruses, it is more likely that spillover would have first
occurred in susceptible hosts when honey bees were first introduced into the New World by European settlers
during the seventeenth century®. Any spillover event would have likely occurred in genetically similar species
that had overlapping floral resources with honey bees (e.g., bumblebees and solitary bees), such that viruses could
have been transmitted through the sharing of nectar or pollen'>*. The growing number of novel host species that
have recently been found to foster honey bee-associated viruses speaks more about our advances in detecting
these viruses then it does about the occurrence of a recent spillover event.

We discovered that 51 of 57 ant samples collected at apiary sites (89%) and three of 20 samples collected at
non-apiary sites (15%) tested positive for the presence of one or more virus. Because the three samples collected
from non-apiary sites were all S. invicta, we hypothesize that these omnivorous ants picked up the viruses by
scavenging bee foragers that had died away from their hive. However, none of these samples tested positive for
replication of DWV, BQCYV, or IAPV. Overall, previous studies have tested only a relatively few number of ant
species for the replication of DWV, BQCV, or IAPV?!-2%?7_ Argentine ants are one of the few ant species that
have been tested for a honey bee-associated virus (DWV) in multiple areas worldwide including Argentina, New
Zealand, Australia, and now the United States. Yet, only ants collected in New Zealand have been shown to have
the replicative form of DWV?222, This indicates that replication of honey bee-associated viruses in this species
may be due to genetic variation of the virus, the ant, or both, as a result of geographical location. Argentine ants
are not as common in Texas as in other areas of the United States, so it would be interesting to sample this species
in a broader geographical range with an increased sample size in order to better answer this question.

Beyond being a pest for beekeeping operations, ants may be impacting bee health in more ways than pre-
viously thought. Despite lack of viral replication, ants that feed on infected honey bee brood or adults, or on
infected sugar and pollen resources, may still act as mechanical vectors of honey bee-associated viruses. It is spec-
ulated that virus-containing ants disseminate viruses to honey bees by invading hives and transmitting the viruses
to nectar or honey cells while robbing, which can then enter bees that subsequently feed from these cells. This is
especially likely of ants that are common pests within hives, such as S. invicta and Crematogaster sp. For instance,
a previous study showed that ants can acquire honey bee-associated viruses through foodborne transmission
(i.e., the ingestion of infected honey bee pupae)?’. However, further research looking at the possible transmission
mechanisms of these viruses from ants to honey bees is needed to determine whether or not ants play a role in
transmitting viruses to honey bees, which would contribute to the declining health of this important pollinator.

Methods

Sample collection. We began our study with a survey to identify the ants that act as pests of managed honey
bee colonies. We collected a total of 57 ant samples from January 2017 to September 2018 from 21 apiaries across
Texas where beekeepers had reported having issues with ants living within or around their hives. A sample con-
sisted of individuals that belonged to the same taxon and were collected at the same site, on the same day, and
from the same honey bee hive or nearby ant colony. The number of individuals per sample ranged from one ant
(e.g., species with solitary foraging habits), to a few hundred individuals (e.g., ant nests with high population den-
sities). If a sample contained individuals at different life stages (i.e., immatures vs. adults), it was further divided
into two distinct samples. Samples were collected with forceps and an aspirator either from within/on honey bee
hives or from locations within 20 meters of a managed honey bee colony.

To better understand the extent to which honey bee-associated viruses are present in ants, 20 ant samples were
collected from nine sites located at least 3.2 km away from any managed honey bee colonies (non-apiary sites). All
samples were stored in 15mL centrifuge tubes on dry ice upon collection in the field to maintain RNA integrity
before being stored at —80°C in the laboratory. Ants were identified using printed keys and specimens from Texas
A&M University’s insect collection*!,

RNA extraction. Each sample, consisting of whole-bodied ants, was homogenized in an Eppendorf tube
using a pestle. Up to 20 mg of the homogenate was then used for total RNA extraction (Aurum Total RNA Mini
Kit, Bio-Rad Laboratories, Hercules, CA), which included a DNase digestion step. The extracted RNA was eluted
into a 40 uL solution and tested for its concentration and purity on a NanoPhotometer NP80 (Implen, Munich,
Germany) before being stored at —80°C.
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Amplicon size
Primer # | Primer name Sequence (5’- 3) (bp) Reference/Source
1 DWVE GAGATTGAAGCGCATGAACA 130
2 DWVR. TGAATTCAGTGTCGCCCATA
3 BQCVF TTTAGAGCGAATTCGGAAACA 140
4 BQCVR. GGCGTACCGATAAAGATGGA
5 IAPVEE GCGGAGAATATAAGGCTCAG g7
6 TAPVR. CTTGCAAGATAAGAAAGGGGG vanEngelsdorp
7 ABPVE ACCGACAAAGGGTATGATGC 124 etal.”
8 ABPVR. CTTGAGTTTGCGGTGTTCCT
9 KBV.E TGAACGTCGACCTATTGAAAAA 127
10 KBV.R. TCGATTTTCCATCAAATGAGC
11 SBV.E GGGTCGAGTGGTACTGGAAA 105
12 SBV.R. ACACAACACTCGTGGGTGAC
13 tag only agectgegeaccgtgg not applicable Yue et al.*?
14 tag-DWV F15 agcctgegeaccgtgg TCCATCAGGTTCTCCAATAACGG 451 Yue et al.*?
15 DWYV B23 CCACCCAAATGCTAACTCTAACGC Genersch*
16 tag-BQCVsense agcctgegeaccgtgg TCAGGTCGGAATAATCTCGA
419 Peng et al.®
17 BQCV-antisense GCAACAAGAAGAAACGTAAACCAC
18 tag-IAPVsense agcctgegeaccgtggGCGGAGAATATAAGGCTCAG
587 Di Prisco et al.?
19 IAPV-antisense CTTGCAAGATAAGAAAGGGGG

Table 2. List of primers used throughout this study. Primer sets 1-12 were used in the diagnostic RT-PCR
reactions for Deformed wing virus (DWV; primers 1 and 2), Black queen cell virus (BQCYV; primers 3 and

4), Israeli acute paralysis virus (IAPV; primers 5 and 6), Acute bee paralysis virus (ABPV; primers 7 and 8),
Kashmir bee virus (KBV; primers 9 and 10), and Sacbrood virus (SBV; primers 11 and 12). Primers 13-19 were
used for the detection of the negative sense strand indicative of viral replication using strand-specific RT-PCR.
Reverse transcription targeting the negative-sense strand was conducted with primer numbers 14 for DWYV,

16 for BQCYV, and 18 for IAPV. The tag only primer (13) was the forward primer of all three viruses for PCR
reactions, and primers 15, 17, and 19 were the reverse primers for DWV, BQCV, and IAPV respectively.

Diagnostic analysis for honey bee-associated viruses. The extracted total RNA underwent diag-
nostic analyses for common honey bee-associated viruses including DWV, BQCV, IAPV, ABPV, KBV, and SBV.
To accomplish this, 250 ng of total RNA was first reverse transcribed with random primers (250 nM final con-
centration) in a 20 uL reaction (iScriptSelect cDNA Synthesis Kit, Bio Rad Laboratories, Hercules, CA). PCR
amplification was performed with Taqg DNA Polymerase (New England Biolabs, Ipswitch, MA). Virus-specific
primers commonly used to screen honey bees for these viruses (Table 2), as well as cloned PCR products corre-
sponding to each primer set that were used as positive controls, were acquired from the USDA-ARS Bee Research
Laboratory in Beltsville, MD. The acquired PCR products that were used as positive controls can be visualized in
the Supplemental Fig. S1. PCR cycling conditions included an initial denaturation step at 94 °C for 2 min, followed
by 30 cycles of 94 °C for 305, 55°C for 30s and 72 °C for 1 min, without a final extension step. The resulting PCR
products were visualized on a 3% agarose gel using gel electrophoresis, stained with ethidium bromide, and pho-
tographed under UV light. A subset of samples that tested positive for a virus can be visualized in Supplemental
Fig. S2. Samples that tested positive for each virus were confirmed via Sanger sequencing.

Detection of DWV, BQCV, and IAPV replication in ants. The three viruses that were initially screened
for and detected in ant samples (DWV, BQCYV, and IAPV) were further tested for replication within ants using
tagged primers in a modified two-step RT-PCR*>*. The use of strand-specific RT-PCR (ssRT-PCR) to detect
the replicated intermediate of viruses is described by de Miranda et al., 2013*. Briefly, 250 ng of total RNA was
reverse transcribed with gene-specific primers (250 nM final concentration) in a 20 uL reaction (iScriptSelect
cDNA Synthesis Kit, Bio Rad Laboratories, Hercules, CA). To target the negative-sense strand of the virus, only a
forward primer complementary to the negative strand specific for either DWV*>, BQCV?, or IAPV? was used in
the reaction. Each forward primer contained a tag attached to its 5’ end** to increase the specificity of the primers
and thus decrease the possibility of detecting false positives**. The PCR reactions were subsequently carried out
with a primer pair at a final primer concentration of 10 uM each. These two primers consisted solely of the tag
sequence and a virus-specific reverse primer using the following PCR cycle conditions: an initial denaturation
step at 94 °C for 2 min, followed by 35 cycles of 94 °C for 305, 55 °C for 30 s and 72 °C for 1 min, with a final exten-
sion step of 72°C for 10 min. PCR products were then visualized using gel electrophoresis on a 3% agarose gel.
Primers used for the detection of viral replication are listed in Table 2. This method of ssRT-PCR can result in
the attainment of false positives due to false-, self-, and mis-priming events that most likely occurs when residual
primers from cDNA synthesis are carried over into the PCR reaction. To avoid these potential problems, samples
that tested positive for replication underwent a second analysis to confirm the absence of false positives. Reverse
transcription was carried out as previously described with additional controls including a template-free control,
a RT-free control, and a primer-free control for each tested sample. The resulting tagged cDNA was then treated
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with an Exonuclease-I (New England Biolabs, Ipswitch, MA) digestion step, which removes excess primers and
has been shown to greatly reduce non-specific priming, and then diluted 10-fold prior to performing PCR*4,
PCR products were then visualized through gel electrophoresis using a 3% agarose gel.

Received: 18 September 2019; Accepted: 3 February 2020;
Published online: 19 February 2020

References

1.
2.

3.

10.

11.
12.

13.
. Jilian, L. et al. Cross-Species Infection of Deformed Wing Virus Poses a New Threat to Pollinator Conservation. J. Econ. Entomol.

15.
16.

17.

18.

19.
20.
21.
22.
23.
24.

25.
26.

27.
28.
29.
30.
31.

32.

McMenamin, A. J., Brutscher, L. M., Glenny, W. & Flenniken, M. L. Abiotic and biotic factors affecting the replication and
pathogenicity of bee viruses. Curr. Opin. Insect Sci. 16, 14-21, https://doi.org/10.1016/j.c0is.2016.04.009 (2016).

McMenamin, A. J. & Flenniken, M. L. Recently identified bee viruses and their impact on bee pollinators. Curr. Opin. Insect Sci. 26,
120-129, https://doi.org/10.1016/j.cois.2018.02.009 (2018).

Di Prisco, G. et al. Varroa destructor is an effective vector of Israeli acute paralysis virus in the honeybee, Apis mellifera. J. Gen. Virol.
92, 151-155, https://doi.org/10.1099/vir.0.023853-0 (2011).

. Gisder, S., Aumeier, P. & Genersch, E. Deformed wing virus: replication and viral load in mites (Varroa destructor). J. Gen. Virol. 90,

463-467 (2009).

. Gisder, S. & Genersch, E. Viruses of commercialized insect pollinators. . Invertebr. Pathol. 147, 51-59, https://doi.org/10.1016/j.

jip.2016.07.010 (2017).

. Genersch, E., Yue, C,, Fries, I. & de Miranda, J. R. Detection of Deformed wing virus, a honey bee viral pathogen, in bumble bees

(Bombus terrestris and Bombus pascuorum) with wing deformities. J. Invertebr. Pathol. 91, 61-63, https://doi.org/10.1016/j.
jip.2005.10.002 (2006).

. Meeus, I, Smagghe, G., Siede, R, Jans, K. & de Graaf, D. C. Multiplex RT-PCR with broad-range primers and an exogenous internal

amplification control for the detection of honeybee viruses in bumblebees. J. Invertebr. Pathol. 105, 200-203, https://doi.
org/10.1016/j.jip.2010.06.012 (2010).

. Peng, W. et al. Host range expansion of honey bee Black Queen Cell Virus in the bumble bee, Bombus huntii. Apidologie 42,

650-658, https://doi.org/10.1007/s13592-011-0061-5 (2011).

. Zhang, X. et al. New evidence that deformed wing virus and black queen cell virus are multi-host pathogens. J. Invertebr. Pathol. 109,

156-159 (2012).

Fiirst, M., McMahon, D. P,, Osborne, J., Paxton, R. & Brown, M. Disease associations between honeybees and bumblebees as a threat
to wild pollinators. Nature 506, 364 (2014).

Ravoet, J. et al. Widespread occurrence of honey bee pathogens in solitary bees. J. Invertebr. Pathol. 122, 55-58 (2014).

McMahon, D. P. et al. A sting in the spit: widespread cross-infection of multiple RNA viruses across wild and managed bees. J. Anim.
Ecol. 84, 615-624, https://doi.org/10.1111/1365-2656.12345 (2015).

Tehel, A., Brown, M. J. & Paxton, R. J. Impact of managed honey bee viruses on wild bees. Curr. Opin. Virol. 19, 16-22 (2016).

104, 732 (2011).

Singh, R. et al. RNA viruses in hymenopteran pollinators: evidence of inter-Taxa virus transmission via pollen and potential impact
on non-Apis hymenopteran species. PloS One 5, https://doi.org/10.1371/journal.pone.0014357 (2010).

Bailes, E. . et al. First detection of bee viruses in hoverfly (syrphid) pollinators. Biol. Lett. 14, 20180001, https://doi.org/10.1098/
rsbl.2018.0001 (2018).

Parmentier, L., Smagghe, G., de Graaf, D. C. & Meeus, I. Varroa destructor Macula-like virus, Lake Sinai virus and other new RNA
viruses in wild bumblebee hosts (Bombus pascuorum, Bombus lapidarius and Bombus pratorum). J. Invertebr. Pathol. 134, 6-11
(2016).

de Souza, R. S., Kevill, ]. L., Correia-Aveira, M. E., de Carvalho, C. A. L. & Martin, S. J. Occurrence of deformed wing virus variants
in the stingless bee Melipona subnitida and honey bee Apis mellifera populations in Brazil. J. Gen. Virol. 100, 289-294, https://doi.
0rg/10.1099/jgv.0.001206 (2019).

Murray, E. A. et al. Viral transmission in honey bees and native bees, supported by a global black queen cell virus phylogeny.
Environ. Microbiol. 21, 972-983, https://doi.org/10.1111/1462-2920.14501 (2019).

Loope, K. ], Baty, J. W,, Lester, P.]. & Wilson Rankin, E. E. Pathogen shifts in a honeybee predator following the arrival of the Varroa
mite. Proc. R. Soc. B. 286, 20182499 (2019).

Sébastien, A. et al. Invasive ants carry novel viruses in their new range and form reservoirs for a honeybee pathogen. Biol. Lett. 11,
20150610 (2015).

Gruber, M. A. M. et al. Single-stranded RNA viruses infecting the invasive Argentine ant, Linepithema humile. Sci. Rep. 7, 3304,
https://doi.org/10.1038/541598-017-03508-z (2017).

Levitt, A. L. et al. Cross-species transmission of honey bee viruses in associated arthropods. Virus Res. 176, 232-240, https://doi.
org/10.1016/j.virusres.2013.06.013 (2013).

Celle, O. et al. Detection of Chronic bee paralysis virus (CBPV) genome and its replicative RNA form in various hosts and possible
ways of spread. Virus Res. 133, 280-284 (2008).

Mordecai, G. J. et al. Moku virus; a new Iflavirus found in wasps, honey bees and Varroa. Sci. Rep. 6, 34983 (2016).

Yafiez, O., Zheng, H.-Q., Hu, E-L., Neumann, P. & Dietemann, V. A scientific note on Israeli acute paralysis virus infection of Eastern
honeybee Apis cerana and vespine predator Vespa velutina. Vol. 43 (2012).

Schlappi, D., Lattrell, P, Yanez, O., Chejanovsky, N. & Neumann, P. Foodborne Transmission of Deformed Wing Virus to Ants
(Myrmica rubra). Insects 10, 394 (2019).

Bigot, D. et al. The discovery of Halictivirus resolves the Sinaivirus phylogeny. J. Gen. Virol. 98, 2864-2875, https://doi.org/10.1099/
j8v.0.000957 (2017).

Fries, I. & Camazine, S. Implications of horizontal and vertical pathogen transmission for honey bee epidemiology. Apidologie 32,
199-214 (2001).

Graystock, P, Goulson, D. & Hughes, W. O. H. Parasites in bloom: flowers aid dispersal and transmission of pollinator parasites
within and between bee species. Proc. R. Soc. B. 282, 20151371, https://doi.org/10.1098/rspb.2015.1371 (2015).

Durrer, S. & Schmid-Hempel, P. Shared use of flowers leads to horizontal pathogen transmission. Proc. R. Soc. B. 258, 299-302
(1994).

Grozinger, C. M. & Flenniken, M. L. Bee Viruses: Ecology, Pathogenicity, and Impacts. Annu. Rev. Entomol. 64, 205-226, https://doi.
org/10.1146/annurev-ento-011118-111942 (2019).

. Nagaraja, N. & Rajagopal, D. Honey Bees: Diseases, Parasites, Pests, Predators and their Management. (MJP Publisher, 2019).
. O’Keefe, S. T. et al. The distribution of Texas ants. Southwest. Entomol. (2000).
. Richard, E.-J., Fabre, A. & Dejean, A. Predatory behavior in dominant arboreal ant species: The case of Crematogaster sp.

(Hymenoptera: Formicidae). J. Insect Behav. 14, 271-282, https://doi.org/10.1023/a:1007845929801 (2001).

. Fell, R. Insects: Hymenoptera (ants, wasps, and bees). In Honey Bee Pests, Predators, & Disease (eds. Morse, R. A. & Flottum, K.)

163-202 (AI Root Company, Medina, Ohio, 1997).

SCIENTIFIC REPORTS |

(2020) 10:2923 | https://doi.org/10.1038/s41598-020-59712-x


https://doi.org/10.1038/s41598-020-59712-x
https://doi.org/10.1016/j.cois.2016.04.009
https://doi.org/10.1016/j.cois.2018.02.009
https://doi.org/10.1099/vir.0.023853-0
https://doi.org/10.1016/j.jip.2016.07.010
https://doi.org/10.1016/j.jip.2016.07.010
https://doi.org/10.1016/j.jip.2005.10.002
https://doi.org/10.1016/j.jip.2005.10.002
https://doi.org/10.1016/j.jip.2010.06.012
https://doi.org/10.1016/j.jip.2010.06.012
https://doi.org/10.1007/s13592-011-0061-5
https://doi.org/10.1111/1365-2656.12345
https://doi.org/10.1371/journal.pone.0014357
https://doi.org/10.1098/rsbl.2018.0001
https://doi.org/10.1098/rsbl.2018.0001
https://doi.org/10.1099/jgv.0.001206
https://doi.org/10.1099/jgv.0.001206
https://doi.org/10.1111/1462-2920.14501
https://doi.org/10.1038/s41598-017-03508-z
https://doi.org/10.1016/j.virusres.2013.06.013
https://doi.org/10.1016/j.virusres.2013.06.013
https://doi.org/10.1099/jgv.0.000957
https://doi.org/10.1099/jgv.0.000957
https://doi.org/10.1098/rspb.2015.1371
https://doi.org/10.1146/annurev-ento-011118-111942
https://doi.org/10.1146/annurev-ento-011118-111942
https://doi.org/10.1023/a:1007845929801

www.nature.com/scientificreports/

37. Parrish, C. R. Cross species virus transmission and the emergence of new epidemic diseases. Microbiol. Mol. Biol. Rev. 72(3),
457-470 (2008).

38. Sheppard, W. A history of the introduction of honey bee races into the United States. II. American Bee Journal (USA) (1989).

39. Mazzei, M. et al. Infectivity of DWV associated to flower pollen: experimental evidence of a horizontal transmission route. PloS One
9, e113448 (2014).

40. Cook, J. L., O'Keefe, S., Vinson, S. B. & Drees, B. M. Texas pest ant identification: An illustrated key to common pest ants and fire ant
species. College Station, TX: Texas A&M AgriLife Extension Service, The Texas A&-M University System (2016).

41. Vinson, S. B., O’Keefe, S. T. & Cook, J. L. The common ant genera of Texas: ID guide. College Station, TX: Texas Cooperative
Extension, the Texas A&-M University System (2003).

42. Yue, C. & Genersch, E. RT-PCR analysis of Deformed wing virus in honeybees (Apis mellifera) and mites (Varroa destructor). J.
Gen. Virol. 86, 3419-3424, https://doi.org/10.1099/vir.0.81401-0 (2005).

43. Boncristiani, H. E, Di Prisco, G., Pettis, J. S., Hamilton, M. & Chen, Y. P. Molecular approaches to the analysis of Deformed wing
virus replication and pathogenesis in the honey bee, Apis mellifera. Virol. J. 6, 221 (2009).

44. de Miranda, J. R. et al. Standard methods for virus research in Apis mellifera. J. Apic. Res. 52, 1-56, https://doi.org/10.3896/
IBRA.1.52.4.22 (2013).

45. Genersch, E. Development of a rapid and sensitive RT-PCR method for the detection of Deformed wing virus, a pathogen of the
honeybee (Apis mellifera). Vet. J. 169, 121-123, https://doi.org/10.1016/j.tvjl.2004.01.004 (2005).

46. Craggs, . K., Ball, J. K, Thomson, B. J., Irving, W. L. & Grabowska, A. M. Development of a strand-specific RT-PCR based assay to
detect the replicative form of hepatitis C virus RNA. J. Virol. Methods 94, 111-120, https://doi.org/10.1016/S0166-0934(01)00281-6
(2001).

47. vanEngelsdorp, D. et al. Colony Collapse Disorder: A Descriptive Study. PloS one 4, e6481, https://doi.org/10.1371/journal.
pone.0006481 (2009).

Acknowledgements

We acknowledge the generosity of beekeepers who allowed us to collect ants on their property or sent in ant
samples. We also thank the USDA-ARS Honey bee Research Laboratory, especially Dr. Jay Evans and his staff, for
sharing with us their primers and cloned PCR amplicons corresponding to each primer set to use as a positive
controls. We would also like to thank Pierre Lau for contributing his photos, Dan Aurell for his help in locating
apiary sites to sample from, and Dr. Karen-Beth Scholthof for her assistance with editing this manuscript. This
study was funded in part by Texas AgriLife Research Hatch Project number TEX09557 (J.R.), and by a NSF
Graduate Research Fellowship to A.P.

Author contributions

Conceptualization, A.P. and J.R.; Funding acquisition, A.P. and J.R.; Investigation, A.P,; Data curation, A.P.;
Methodology, A.P, J.R. and T.S.; Formal analysis, A.P, T.S. and J.R.; Resources, A.P. and J.R ; Supervision, T.S. and
J.R.; Writing-original draft, A.P. and J.R.; Writing-review & editing, A.P. and J.R.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-59712-x.

Correspondence and requests for materials should be addressed to J.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
B’

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:2923 | https://doi.org/10.1038/s41598-020-59712-x


https://doi.org/10.1038/s41598-020-59712-x
https://doi.org/10.1099/vir.0.81401-0
https://doi.org/10.3896/IBRA.1.52.4.22
https://doi.org/10.3896/IBRA.1.52.4.22
https://doi.org/10.1016/j.tvjl.2004.01.004
https://doi.org/10.1016/S0166-0934(01)00281-6
https://doi.org/10.1371/journal.pone.0006481
https://doi.org/10.1371/journal.pone.0006481
https://doi.org/10.1038/s41598-020-59712-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The detection of honey bee (Apis mellifera)-associated viruses in ants

	Results

	Sample collection. 
	Interactions observed between honey bees and ants. 
	Diagnostic analysis of honey bee-associated viruses in ants. 
	No replication of DWV, BQCV, or IAPV detected in ants. 

	Discussion

	Methods

	Sample collection. 
	RNA extraction. 
	Diagnostic analysis for honey bee-associated viruses. 
	Detection of DWV, BQCV, and IAPV replication in ants. 

	Acknowledgements

	Figure 1 Depiction of some of the different interaction types observed between honey bees and ants within apiaries including (a) predation: Solenopsis invicta workers removing a bee larva from within a cell in a collapsed hive (b) scavenging: S.
	Table 1 Summary of ant samples collected from apiary and non-apiary locations throughout central Texas.
	Table 2 List of primers used throughout this study.




