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We previously identified a novel insect picorna-like virus, termed Kakugo virus (KV), from the brains of
aggressive worker honeybees that had counterattacked a giant hornet. To survey the prevalence of KV in
worker populations engaged in various labors, we quantified KV genomic RNA. KV was detected specifically
from aggressive workers in some colonies, while it was also detected from other worker populations in other
colonies where the amount of KV detected in the workers was relatively high, suggesting that KV can infect
various worker populations in the honeybee colonies. To investigate whether the KV strains detected were
identical, phylogenetic analysis was performed. There was less than a 2% difference in the RNA-dependent
RNA polymerase (RdRp) sequences between KV strains from aggressive workers and those from other worker
populations, suggesting that all of the viruses detected were virtually the same KV. We also found that some
of the KV-infected colonies were parasitized by Varroa mites, and the sequences of the KV strains detected from
the mites were the same as those detected from the workers of the same colonies, suggesting that the mites
mediate KV prevalence in the honeybee colonies. KV strains had approximately 6% and 15% sequence
differences in the RdRp region from deformed wing virus and Varroa destructor virus 1, respectively, suggest-

ing that KV represents a viral strain closely related to, but distinct from, these two viruses.

The European honeybee (Apis mellifera L.) is a eusocial
insect, and female adults differentiate into a reproductive caste
(queen) and a sterile caste (workers) (33). Workers are de-
voted to the labors required to maintain colony activity rather
than their own reproduction, and labors are divided according
to age after eclosion. For example, young workers nurse the
brood and the queen in the hive (nurse bees), middle-aged
workers guard their colony at the hive entrance (guards), and
older workers forage for nectar and pollen (foragers). These
labors by sterile workers are altruistic, especially the attacking
behavior of guards against their natural enemies, such as the
giant hornet Vespa mandarinia japonica, which often results in
the death of the worker after stinging behavior (9, 32). Little is
known, however, of the molecular basis and evolutional pro-
cess underlying these self-sacrificing behaviors.

We previously screened genes differentially expressed be-
tween highly aggressive guards that had attacked a giant hornet
(Vespa mandarinia japonica) used as a decoy (attackers) and
nonaggressive inside workers that had escaped from the decoy
(escapers) using the differential-display method, to examine
the molecular basis of their aggressive behavior in the brain. As
a result, we identified a novel RNA termed Kakugo RNA (13).
cDNA cloning of Kakugo RNA revealed that it shares struc-
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tural characteristics with the insect picorna-like virus genome.
Furthermore, inoculation experiments indicated that Kakugo
RNA has infectivity in worker honeybees. Thus, we concluded
that a novel insect picorna-like virus, termed Kakugo virus
(KV), had infected the brains of the aggressive workers. These
results suggested a possible relationship between KV infection
and honeybee aggression (13). The causal association between
KV infection and worker aggressive behaviors, however, re-
mains unknown.

On the other hand, some groups recently reported se-
quences of two kinds of viruses that are very closely related to
KV. One is the Varroa destructor virus 1 (VDV-1), identified
from honeybee ectoparasitic mites (Varroa destructor), whose
genome and polyprotein share 95% homology with those of
KV (27). Another is deformed wing virus (DWV), which has
been known as a pathogenic virus of the honeybee. The
genomic sequence of DWYV registered in the GenBank data-
base shares 98% homology with that of KV (12, 13, 20). Al-
though the pathogenicity of DWYV infection is not as serious
when it infects adult honeybees (23), DWV infection in larvae
might cause wing deformity after eclosion and shorten the life
span (1). However, bees with deformed wings were not iden-
tified among the attackers in our previous experiments (13).
These findings suggest that KV, VDV-1, and DWV have dif-
ferent pathogenicities, though they share structural similari-
ties.

In the present epidemiologic study, we examined the distri-
bution of KV among various worker populations to analyze the
relationship between KV infection and aggressive worker be-
haviors. We also compared the nucleotide sequences of the
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detected KV strains phylogenetically to examine whether they
represent identical or different virus species.

MATERIALS AND METHODS

Collection of honeybees. European honeybee A. mellifera L. Italian race
colonies maintained at the Experimental Station for Medical Plant Studies
(Kemigawa, Hanamigawa-ku, Chiba, Japan) or in the Department of Biological
Sciences of the University of Tokyo (Hongo, Bunkyo-ku, Tokyo, Japan) were
used. Attackers, nurse bees, foragers, and guards were collected based on their
behaviors as reported previously (3, 13, 19). We also collected workers randomly
from inside the hive (inside bees). In addition, aggressive bees, which we termed
“reserves,” were collected from among those that scrambled from inside the hive
to attack a giant hornet that was presented at the entrance of the hive when there
were no guards. The bees were collected with tweezers and immediately anes-
thetized on ice. The brains were dissected from the heads under a microscope
and stored at —80°C before use. The samples used in the present experiments
were as follows: K3-F, mushroom bodies (MBs) (the higher center of the insect
brain [15]) from 100 foragers collected from colony 3 at Kemigawa on 4 Novem-
bere 2000 (note that the sample name, K3-F, is based on the location of the
colony [Kemigawa], the colony number [3], and the worker population [foragers]
from which the sample was derived); K3-N, MBs from 100 nurse bees collected
from colony 3 at Kemigawa on 7 November 2000; K3-A, MBs from 102 attackers
collected from colony 3 at Kemigawa on 8 November 2000; K3-E, MBs from 100
escapers collected from colony 3 at Kemigawa on 8 November 2000; H7-A,
whole heads from 70 attackers collected from colony 7 at Hongo on 14 Novem-
ber 2000; H7-F, whole heads from 70 foragers collected from colony 7 at Hongo
on 14 November 2000; K4-A, MBs from 100 attackers collected from colony 4 at
Kemigawa on 4 August 2000; K4-I, MBs from 102 inside bees collected from
colony 4 at Kemigawa on 4 August 2000; K5-G, whole heads from 70 guards
collected from colony 5 at Kemigawa on 3 November 2004; K6-G, whole heads
from 70 guards collected from colony 6 at Kemigawa on 3 November 2004; H8-R,
whole heads from 70 reserve bees collected from colony 8 at Hongo on 1
December 2004; H9-R, whole heads from 70 reserve bees collected from colony
9 at Hongo on 1 December 2004; H10-R, whole heads from 70 reserve bees
collected from colony 10 at Hongo on 1 December 2004; H12-A, antennal lobes
(ALs) from 10 attackers against Vespa simillima xanthoptera collected from
colony 12 at Hongo on 21 September 2005; and H12-E, ALs from 10 escapers
from Vespa simillima xanthoptera collected from colony 12 at Hongo on 21
September 2005. To analyze the tissue distribution of KV, reserve bees were
collected from colony 6, and the brain and other tissues of the head, thorax, and
abdomen were dissected from each bee.

Isolation of total RNA. Brain, head, or other tissue was homogenized in 800 .l
TRIzol reagent (Invitrogen, Carlsbad, CA). To analyze the KV infection rate
using reserve bees, 1/10 (80 wl) of each 10-head homogenate (each 800 wl) was
combined as a “group” (total, 800 wl), and total RNA was extracted. The rest of
each head homogenate (720 wl) was stored at —80°C for further analysis. KV
infection was analyzed using total RNA isolated from whole heads of “groups”
(n = 10 each) of foragers, nurse bees, or inside bees. To isolate total RNA from
one brain, 5 pg of glycogen (Ambion, Austin, TX) was added as a carrier during
RNA precipitation.

Quantification of KV genomic RNA. Total RNA (0.5 to 1.0 pg) was treated
with RNase-free DNase I and then reverse transcribed with or without Super-
script IT (Invitrogen) using an oligo(dT) primer. PCR was performed with a Light
Cycler (Roche, Basel, Switzerland) and ExTaq DNA polymerase (Takara,
Japan) using gene-specific primers (+8388 to +8415 and +8745 to +8765 for
Kakugo cDNA and +2 to +21 and +376 to +395 for honeybee cytoplasmic actin
c¢DNA) and fluorescent probes (+8654 to +8679 and +8681 to +8716 for
Kakugo cDNA and +297 to +313 and +315 to +354 for actin cDNA) in a total
volume of 20 wl (13). The PCR conditions used were as follows: 95°C for 1 s,
55°C for 10 s, and 72°C for 10 s. Kakugo and actin cDNA clones at known
concentrations were used as standards. The relative Kakugo RNA content was
estimated by normalization using the amount of actin mRNA. When the relative
Kakugo RNA content was over 0.001, it was judged as KV infection, because the
detection limit was around 0.001 in our experiments.

Collection of Varroa mites and quantification of KV genomic RNA. Varroa
mites that were attached to the honeybees or floating after the honeybees were
soaked in ice-cold water were collected with tweezers. Total RNA was isolated
from each mite using TRIzol, and then Kakugo RNA was quantified using
quantitative reverse transcription (RT)-PCR. To normalize the amount of tem-
plate, partial actin cDNA was subcloned from Varroa destructor and the actin
mRNA was also quantified using specific primers (+1/+27 and +332/+353) and
probes (+276/+304 and +306/+332).
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Phylogenetic analysis. Sequences corresponding to the RNA-dependent RNA
polymerase (RdRp) region and the VP1 region were amplified using RT-PCR.
For primers, sequences conserved between KV and DWV were used: +2528/
+2547 and +4004/+4022 for VP1 of KV and +8755/+8783 and +9879/4+9906
for RdRp of KV. PCR was performed using Thermococcus kodakaraensis DNA
polymerase (TOYOBO, Japan) with the following program: 35 cycles of 94°C for
15s or 30 s, 55°C for 30 s, and 68°C for 1 min 30s. PCR products were purified
using a Qiaquick PCR purification kit (QIAGEN, Tokyo, Japan) or precipitation
in ethanol, and the nucleotide sequences of both strands were determined with
a Dye-Terminator cycle-sequencing kit ver. 3.1 and an ABI Prism 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA). For sequencing, multiple prim-
ers were designed to correspond to the following regions: +2528/+2547, +2933/
+2962, +3162/+3189, +3569/+3592, +3587/+3612, and +3917/43936 for VP1
of KV and +8755/+8783, +9191/+9211, +9363/+9390, and +9760/+9788 for
RdRp of KV. The site at which nucleotide signals overlapped was designated N.
To examine the rate of mismatches during the PCR, a specific KV plasmid was
used in every experiment as a control, and the analyzed sequences were always
100% identical between experiments.

The nucleotide sequences in the coding region corresponding to VP1 (+2612/
+3859) and RdRp (+8816/+9706) were used in the phylogenetic analysis with
the neighbor-joining method using the Clustal W program (31). The statistical
significance of branch order was estimated by performing 1,000 replications of
bootstrap resampling of the original aligned nucleotide sequences. The genome
information of DWV was based on the registered sequences in GenBank:
AJ489744 (Rossi and Lanzi, Italy; sequence deposited in the database);
AY292384 (DeMiranda et al., United States; sequence deposited in the data-
base); and AY224602 (Gauthier et al., France; sequence deposited in the data-
base).

Nucleotide sequence accession number. The nucleotide sequence for Varroa
actin cDNA reported in the present paper was submitted to the DDBJ/EMBL/
GenBank data bank under accession number AB242568.

RESULTS

Analysis of KV prevalences among various worker popula-
tions. To examine whether KV infects only attackers, we in-
vestigated the prevalences of KV among various worker pop-
ulations. RNA was extracted from each worker population
(n = 70 to 100 each) that displayed distinct behaviors in each
colony, and the Kakugo RNA was quantified using quantitative
RT-PCR. The relative Kakugo RNA contents were normalized
to those of actin mRNA and compared.

As reported previously, KV was detected in attackers, but
not escapers, nurse bees, or foragers, in colony 3 (Kemigawa)
(13). Quantitative RT-PCR of the Kakugo RNA of the same
samples confirmed the previous results (Fig. 1A). Similarly,
KV was detected in attackers, but not foragers, in colony 7
(Hongo). Colony 4 (Kemigawa) was so aggressive as a whole
that the inside workers also participated in defensive attacks
when the giant hornets were presented as decoys. Therefore,
we were obliged to collect workers randomly from inside the
hive (inside bees) instead of escapers. As a result, large
amounts of KV were detected, not only in attackers, but also in
inside bees (Fig. 1A). KV was also detected in both attackers
and escapers in colony 12 (Hongo). These results indicate that
attacker-specific KV infection occurs only under restricted col-
ony conditions. The amounts of Kakugo RNA detected in
colonies 4 and 12 were larger than those in colonies 3 and 7,
particularly in colony 4, where it was 100 to 1,000 times greater
(Fig. 1A). These results indicate that KV can be infectious to
various worker populations and suggest that the attacker-spe-
cific KV infection occurs under some restricted conditions.

We next compared the amounts of KV in worker popula-
tions from colonies that were maintained at the same place and
time. First, KV RNA was quantified using guards collected on
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FIG. 1. Comparison of the KV contents among various worker populations. (A) Seventy to 100 workers per sample were collected from four
colonies according to their behavior as attackers (K3-A, H7-A, and K4-A), escapers (K3-E), nurse bees (K3-N), foragers (K3-F and H7-F), and
inside workers (K4-I). In addition, 10 workers per sample were collected as attackers (H12-A) and escapers (H12-E) against Vespa simillima
xanthoptera. The Kakugo RNA and actin mRNA were quantified using quantitative RT-PCR. The relative Kakugo RNA contents normalized to
that of actin mRNA are indicated by the vertical bars and above the bars. (B) Seventy to 100 guards (G) or reserve bees (R) per sample were
collected from five colonies (K5, K6, H8, H9, and H10; the samples are indicated as combinations, e.g., K5-G). The relative Kakugo RNA contents
normalized to that of actin mRNA are indicated by the vertical bars and the numbers above the bars.

3 November 2004 from colonies 5 and 6 kept at Kemigawa. We
examined the guards instead of attackers because we could not
obtain giant hornets as decoys at that time. KV was detected in
colony 6, but not colony 5 (Fig. 1B). Second, reserves were
collected from three colonies (8 to 10) kept at Hongo on 1
December 2004 (see Materials and Methods). Since bee colo-
nies do not have guards at the end of autumn in Japan, we
collected aggressive bees from inside the hive (reserves; see
Materials and Methods) using giant hornets as decoys. KV was
detected in colony 9, but not in colonies 8 and 10 (Fig. 1B).
These results indicated that the prevalences of KV are differ-
ent among colonies, even when the seasons and locations are
the same, suggesting that the KV infection rates and amounts
of virus differ according to each colony condition.

To test whether KV is epidemic in a colony, we collected
reserves, as well as the other worker populations, twice within
9 days (24 November and 3 December 2004) from colony 6 and
examined the change in the infection ratio and the amounts of
KV during this period. We collected 7 to 11 groups of workers,
each of which included 10 reserves or other worker popula-

tions (foragers for 24 November and nurse bees and inside
bees for 3 December). The KV RNAs in these groups were
quantified by quantitative RT-PCR. KV was detected in all
populations tested, indicating that KV infected various worker
populations in this colony. Interestingly, both the number of
KV-positive groups and the greatest amount of KV RNA de-
tected in these groups were higher than those in reserves and
foragers collected on 24 November (Fig. 2A). To investigate
these changes in each individual bee, the KV RNA was quan-
tified using each reserve bee collected on 24 November and 3
December. The number of KV-positive bees increased from 1
to 13, and the KV infection ratio increased from 1.6% to
11.9% (Fig. 2B). Five bees collected on 3 December contained
10 to 100 times more KV than the bees collected on 24 No-
vember. These results suggested that KV is epidemic in the
honeybee colonies.

Detection of KV from Varroa mites. To determine the factors
that affect KV prevalence in a colony, we observed colony 6
and noticed that the colony was parasitized with Varroa mites
(Varroa destructor). These mites pierce the body wall of the
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FIG. 2. Change in KV prevalence within a colony. (A) Reserve
bees or other worker populations (foragers collected on 24 November
and nurse bees and inside bees collected on 3 December) were col-
lected from colony 6. Each individual bee was homogenized separately,
aliquots of the homogenates from 10 samples were mixed as a group,
and the Kakugo RNA and actin mRNA of each group were quantified
using quantitative RT-PCR. The relative Kakugo RNA contents nor-
malized to that of actin mRNA are indicated by dots. The populations
of bees, numbers of groups examined, and collection dates are indi-
cated below the graph. (B) The relative Kakugo RNA contents of each
individual were quantified using samples in the groups from which
Kakugo RNA was detected in panel A and are indicated by dots. The
numbers of collected reserve bees and Kakugo-positive reserve bees
and the detection rates are indicated below.

honeybees between abdominal segments and feed on the he-
molymph, and they often transmit various pathogenic viruses
that cause colony collapse (1). Colony 12 was also infested with
Varroa mites. To examine the possibility that Varroa mites
mediate KV prevalence, we collected 2, 6, and 12 mites at-
tached to the body walls of the workers collected on 24 No-
vember, 30 November, and 3 December from colony 6. All of
these mites were attached to the nurse bees or inside bees. We
quantified the Kakugo RNA in the mites by quantitative RT-
PCR. KV was detected in all mites collected from the colony
(Fig. 3), although the contents varied among individuals. No
KV was detected, however, in any mites (n = 6) that were
collected from the colonies where no KV was detected (data

KV prevalence in the honeybee colony.

Tissue distribution of Kakugo RNA. Some honeybee viruses
that are transmitted by Varroa mites are distributed through-
out various tissues in the honeybee (1, 29). Previously, we
reported that KV was detected specifically in the brains of
naturally infected attackers, whereas it was also detected in
thoraxes and abdomens after artificial infection using the lysate
of KV-infected workers (13). Here, we reexamined whether
KV infects various body parts when it naturally infects the
workers. Kakugo RNA was quantified by quantitative RT-PCR
using total RNA from brains, heads without brains, thoraxes,
and abdomens of 13 reserve bees that were collected from
colony 6 on 3 December (Fig. 2B). KV was detected in all
organs (Fig. 4), indicating that KV also infects various tissues
when it naturally infects workers. Tissues with the greatest
amounts of KV differed among individuals: one bee was in-
fected with KV mostly in the brain, seven in heads without
brains, two in the thorax, and three in the abdomen (Fig. 4),
suggesting that the tissue distribution of KV might be affected
by the physiological condition of workers.

Phylogenetic analysis using sequences corresponding to the
RdRp region. The RT-PCR analysis described above led to the
question of whether KVs detected from attackers and other
various workers or Varroa mites were identical, because the
sequences were not determined. In addition, because KV is
very closely related to DWV and VDV-1, it was possible that
these viruses were detected together. Furthermore, VDV-1
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FIG. 4. Tissue distribution of KV in workers infected naturally with KV. The relative Kakugo RNA contents in the brains (Br), heads except
brains (He), thoraxes (Th), and abdomens (Ab) of KV-positive reserve bees that were collected from colony 6 on 3 December 2004 (n = 13) were
quantified using quantitative RT-PCR. The dots representing relative Kakugo RNA contents in each tissue from the same individual are connected
by lines. When the amount of KV was below the detection limit of the quantitative RT-PCR in some of the tissue samples, the line was cut. (A
to D) Examples showing that KV was detected mostly in the brain (A) (n = 1), head (B) (n = 7), thorax (C) (» = 3), and abdomen (D) (n = 2).

infects Varroa mites (27) and DWV may also infect mites,
based on immunologic and RT-PCR methods (2, 25, 29, 30,
35). Therefore, we analyzed the sequences of the genomic
RNAs of the viruses that we tentatively identified as KV in the
above-mentioned experiments. We determined partial
genomic sequences of viruses detected from worker and mite
samples and compared them to each other, as well as with
those of DWV and VDV-1. For sequencing, we used the RdRp
region, because it had the lowest homologies (93.2 to 93.7%)
among KV and three DWYV strains (Fig. 5). The RdRp region
was amplified from total RNA using RT-PCR and then puri-
fied. Direct sequencing was used, because it enabled us to
analyze the major viral population in the samples and to ex-
clude possible nucleotide mismatching during cloning proce-
dures (11). To enable detection of both KV and DWYV, even
when DWV contaminated the samples, we designed primers
for PCR and sequencing using sequences common to these two
viruses.

All of the viral sequences that were detected from worker
populations used in our experiments had less than 2% se-
quence differences from that of the KV consensus genomic
sequence that we reported previously (13) and approximately

6% and 15% sequence differences from those of DWV and
VDV-1 (Fig. 6), strongly suggesting that all the viruses we
detected using RT-PCR in the present study represented KV
substrains and not DWV or VDV-1. Even when we analyzed
KV genomic sequences from a single bee, there were some
nucleotide positions with mixed sequencing signals (designated
N in the sequences registered in GenBank) (Table 1), suggest-
ing that there are KV quasispecies.

To examine whether KV genomic sequences derived from
attackers were different from those derived from other worker
populations, phylogenetic analysis was performed using these
sequences. There were instances in which identical KV
genomic sequences were obtained from aggressive reserves, as
well as other worker populations derived from colony 6: K6-
R108 and K6-14; K6-R106 and K6-17; K6-R49 and K6-13; and
K6-R60, K6-16, and K6-N1 (Fig. 6). These results indicate that
a single KV substrain can infect both the aggressive reserves
and other worker populations. The KV substrains obtained
from different worker populations derived from the same col-
ony tended to form a cluster in which the substrains had less
than 1.6% sequence differences: K1/K2-AM2, K1/K2-A02,
K1/K2-AA2, K1/K2-EM2, K1/K2-EO2, and K1/K2-EA2, less
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FIG. 5. Sequence identities between KV, DWV, and VDV-1 in various genomic regions. (Top) Structure of the Kakugo cDNA. The open and
shaded boxes show open reading frames and domains of the Kakugo polyprotein, such as virion protein (VP), helicase (Hel), protease (Pro), and
RdRp domains. The numbers above the cDNA indicate base positions corresponding to each domain from the 5’ terminus. Kakugo cDNA was
divided into 11 regions: 1, 5" untranslated region (UTR); 2, coding region for the N-terminal region; 3, VP1; 4, coding region between VP1 and
Hel; 5, Hel; 6, coding region between Hel and Pro; 7, Pro; 8, coding region between Pro and RdRp; 9, RdRp; 10, coding region for the C terminus
region; 11, 3’ UTR. (Bottom) Nucleotide sequence identities between the Kakugo RNA and the genomes of DWV and VDV-1 (27) in each region
are indicated. Three DWYV strains and one VDV-I strain, whose genome sequences are registered in GenBank, were used (the GenBank accession

numbers for DWV are shown in parentheses). ND, not determined.

than 0.2% difference; K3-1, K3-1A, K3-AA, K3-A, K3-AO, and
K3-10, less than 1.6% difference (Fig. 6). These results suggest
that KV substrains diverged within these colonies. In contrast,
KV substrains derived from the same colony were located in
different clusters of the phylogenic tree: K6-F7, K6-12, K6-R49,
and K6-13 in colony 6, which was infested with Varroa mites
(Fig. 6). These results indicate that multiple KV substrains
were epidemic simultaneously in colony 6.

To examine whether the viruses detected from the Varroa
mites were identical with those from the worker populations
where the mites were collected, the sequences of KV viruses
detected from Varroa mites were determined. Many of the viral
sequences from the Varroa mites were identical in both the
RdRp and VP1 regions with those from worker populations
(Fig. 6 and 7 and Table 1). Sequences from mites, K6-MN1 and
K6-M10, were identical with those from the bees of the same
colony, K6-R14 and K6-R108, respectively, indicating that the
same KV substrains infected the honeybees and Varroa mites
in these colonies and that KV can be transmitted between the
honeybee and the Varroa mite.

Phylogenetic analysis using sequences corresponding to the
VP1 region. Due to genomic recombination, the sequence di-
versities in each region of the genomic RNA sometimes differ,
even in the same picornavirus species (18, 21, 22, 26). There-
fore, we performed phylogenetic analysis of KV substrains
using the sequences corresponding to the VPI region and
compared the results with the above-mentioned results for the
RdRp region. For this purpose, representative viruses were
selected from each cluster of the phylogenetic tree constructed
using the RdRp region, and their sequences corresponding
to the VP1 region were determined. The difference among
KV substrains was at most approximately 3% (Fig. 7B),
which was more divergent than that estimated using se-

quences corresponding to the RdRp region (Fig. 7A and
Table 1). The sequence difference between KV substrains
and DWYV also remained less than 3%, whereas that be-
tween KV and VDV-1 was approximately 15%. Together
with the results with the RdRp region, these results suggest
that KV is more closely related to DWV than VDV-1, con-
firming the previous reports (6).

DISCUSSION

Prevalence of KV among honeybee colonies and individual
workers within colonies. In the present study, we performed an
epidemiologic study and found two colonies in which KV was
detected only in the attackers and three colonies in which KV
was detected in various worker populations (Fig. 1). These
results, along with the phylogenetic analysis (Fig. 6), indicate
that the same KV strain can infect not only attackers, but also
various worker populations. The mechanism of KV progres-
sion and the reason that KV was infectious only to the attack-
ers in colony 3 (Kemigawa) and colony 7 (Hongo) are unclear
due to the limited data. Considering that the amount of KV in
the attackers of the first two colonies was less than that in
various worker populations of the other colonies and that KV
can be epidemic in honeybee hives (Fig. 2), attacker-specific
KV infection might represent its primary, or rather last, infec-
tion phase. Alternatively, it is also plausible that ecologic dif-
ferences, such as location, season, and year, affect KV preva-
lence.

We observed that colony 4 (Kemigawa), which was heavily
infected with KV, was so vigorous and aggressive that it was
difficult to collect escapers. Colony 6, which was also infected
with KV, survived for at least 2 months after KV detection
(data not shown), suggesting that KV infection is not extremely
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FIG. 6. Phylogenetic analysis of KV in the RdRp region detected from various worker populations and Varroa mites. The phylogenetic tree was
constructed with the nucleotide sequences encompassing motifs 1 to 8 of the RdRp domain (891 bp) using the neighbor-joining method. The
samples obtained from the same colony are indicated by the same background color. The samples with light-orange backgrounds were derived from
colony 6. The sample type is indicated by the first letter of each sample after the colony identification number: A, attacker; F, forager; E, escaper;
R, reserve bee; N, nurse bee; I, inside bee; M, Varroa mite. (Note that the sample name, K3-FO, is based on the location of the colony [Kemigawa],
the colony number [3], the worker population [foragers], and the tissue [optic lobes] from which the sample was derived.) The numbers at the
branches show bootstrap values obtained after 1,000 replications of bootstrap sampling. The bar shows distances.

lethal for honeybees. We previously speculated that the work- other hand, KV infection might not be essential for the intrin-
ers infected with KV might become more aggressive than non- sic worker aggressive behaviors, because there were some col-
infected workers (12). More studies are needed to examine this onies in which no significant KV was detected from any worker
possibility, especially at the individual worker level. On the populations, including the attackers (data not shown).
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TABLE 1. Sequence information for the RdRp and VP1 regions of KV substrains
Sample Yr Colony ID” Sample .Cate%,ory Accession no.
and tissue’ RdRp VP1
K1/K2-AM1 1999 1 and 2 in Kemigawa MBs of attackers AB242577 AB245505
K1/K2-A01 1999 1 and 2 in Kemigawa OLs of attackers AB242576 ND
K1/K2-AA1 1999 1 and 2 in Kemigawa ALs of attackers AB242575 ND
K1/K2-AM2 1999 1 and 2 in Kemigawa MBs of attackers AB242578 AB245504
K1/K2-A02 1999 1 and 2 in Kemigawa OLs of attackers AB242578 ND
K1/K2-AA2 1999 1 and 2 in Kemigawa ALs of attackers AB242579 ND
K1/K2-EM2 1999 1 and 2 in Kemigawa MBs of escapers AB242580 ND
K1/K2-EO2 1999 1 and 2 in Kemigawa OLs of escapers AB242580 ND
K1/K2-EA2 1999 1 and 2 in Kemigawa ALs of escapers AB242580 ND
K3-A 2000 3 in Kemigawa MBs of attackers AB242585 AB245506
K3-AO 2000 3 in Kemigawa OLs of attackers AB242581 ND
K3-AA 2000 3 in Kemigawa ALs of attackers AB242583 ND
K3-1 2000 3 in Kemigawa MBs of inside bees AB242586 ND
K3-10 2000 3 in Kemigawa OLs of inside bees AB242582 ND
K3-1A 2000 3 in Kemigawa ALs of inside bees AB242584 ND
K4-A 2001 4 in Kemigawa MBs of attackers AB242587 AB245498
K4-AO 2001 4 in Kemigawa OLs of attackers AB242587 ND
K4-AA 2001 4 in Kemigawa ALs of attackers AB242587 ND
H9-R70 2004 9 in Hongo WHs of reserves AB250361 AB245502
K6-F7 2004 6 in Kemigawa WH of forager AB250362 ND
K6-R49 2004 6 in Kemigawa WH of reserve AB250363 AB245500
K6-13 2004 6 in Kemigawa WH of inside bee AB250363 AB245501
Ko6-12 2004 6 in Kemigawa WH of inside bee AB251935 ND
Ko6-14 2004 6 in Kemigawa WH of inside bee AB242594 ND
K6-R108 2004 6 in Kemigawa WH of reserve (n = 7) AB242594 AB245503
K6-M10 2004 6 in Kemigawa WB of mite (n = 9) AB242594 AB245503
K6-MR2 2004 6 in Kemigawa WB of mite AB242592 ND
K6-M2 2004 6 in Kemigawa WB of mite AB242589 ND
K6-MR6 2004 6 in Kemigawa WB of mite AB242590 ND
K6-17 2004 6 in Kemigawa WH of inside bee AB242591 ND
K6-R106 2004 6 in Kemigawa WH of reserve AB242591 ND
K6-17 2004 6 in Kemigawa WH of inside bee AB242591 ND
K6-MR4 2004 6 in Kemigawa WB of mite AB242588 ND
K6-N4 2004 6 in Kemigawa WH of nurse bee AB242570 AB245499
K6-N5 2004 6 in Kemigawa WH of nurse bee AB250360 ND
K6-MN2 2004 6 in Kemigawa WB of mite AB242571 ND
K6-R16 2004 6 in Kemigawa WH of reserve (n = 3) AB242573 AB245499
K6-R18 2004 6 in Kemigawa WH of reserve AB242574 ND
K6-N1 2004 6 in Kemigawa WH of nurse AB242572 ND
K6-16 2004 6 in Kemigawa WH of inside bee AB242572 ND
K6-R60 2004 6 in Kemigawa WH of reserve AB242572 ND
K6-MN1 2004 6 in Kemigawa WB of mite AB242572 AB245499
K6-R48 2004 6 in Kemigawa WH of reserve AB242593 ND
K6-MRS8 2004 6 in Kemigawa WB of mite AB242593 ND
K6-MN3 2004 6 in Kemigawa WB of mite AB242569 ND

“ Colony ID includes the colony number and colony location.

b If identical sequences were found in several samples in the same condition, the number of samples (1) is indicated. OL, optic lobe; WH, whole head; WB, whole

body.
¢ ND; not determined.

Tissue distribution of KV in the worker honeybees. We
previously reported that KV was detectable in the mushroom
bodies of the brains of the attackers but was scarcely detectable
in the total heads, thoraxes, and abdomens (13). In the present
study, KV was detected not only in the brains, but also in the
heads without brains, thoraxes, and abdomens of the reserve
bees that were confirmed to be infected with KV (Fig. 4).
There was less than a 0.1% difference in the sequences corre-
sponding to the RdRp region of KV substrains that were de-
tected from each of their tissues (» = 3) (data not shown). It
is possible that the tissue distributions of KV are different in
attackers and reserves. On the other hand, it is also possible
that our previous experimental design was not appropriate: we

used brains from 100 attackers and heads, thoraxes, and ab-
domens from 5 attackers for KV detection by quantitative
RT-PCR (13). Considering that the KV infection rate ranged
from 1.6% to 11.9% even in the heavily infected reserve bees
from colony 6 (Fig. 2B), it is possible that the 5 attackers did
not include enough KV-infected bees whereas some of the
former 100 attackers contained KV. As discussed below, KV
might be introduced into the hemolymph of the bees from bites
by Varroa mites. Therefore, it seems rational to conclude that
KV can infect various organs/tissues, at least in the reserves. It
is interesting that the tissue distributions were quite different
among the infected bees. It is plausible that the physiological
condition of the workers reflects the tissue distribution of KV,
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and this could reflect on the different pathogenicities proposed
for KV, DWV, and VDV-1.

Prevalence of KV substrains among honeybee colonies and
its possible infection route. We also performed phylogenetic
analysis of KV using single bees in a single colony, enabling us
to observe the prevalence of KV as a wild insect virus at each
substrain level. There were tendencies toward infection of a
single colony with KV substrains that are very closely related to
each other, forming a cluster in the phylogenetic tree and
suggesting that KV diverges within a colony. This finding sug-
gests that a colony infected with KV for a relatively long time
can lead to the divergence of a single KV strain. The relation
between KV and the honeybee might somehow be symbiotic.
In contrast, multiple KV substrains were detected in colony 6,
where the Varroa mite infection occurred. The fact that the
same KV substrains were detected from both the workers and
Varroa mites strongly suggests that the mites mediate KV prev-
alence in the colony and that the mites caused infection with
multiple KV substrains in colony 6. Varroa mite infestation
results in decreased honeybee immunity (14, 34), and this
might further promote the KV epidemic in the colony.

We did not observe Varroa mite parasitism in colonies in
which KV was detected only in attackers (colonies 3 and 7).
Therefore, it is also possible that Varroa mite parasitism is not
essential for KV infection in a honeybee colony, as reported
for DWV (7). Recent studies have suggested that various bee
viruses can be vertically transmitted (4, 5, 8, 10, 28), and this
might also be the case for KV. It is likely that when Varroa
mites parasitize a colony already infected with KV, they con-
tribute to expanding the KV prevalence, as reported for DWV,
sacbrood virus, and Kashmir bee virus infections (28, 29).

Relationship between KV, DWV, and VDV-1. The full-length
genomic sequences of DWV and VDV-1 were recently re-
ported, and the results indicated that KV, DWV, and VDV-1
are closely related to each other. So far, different pathogenic-
ities have been proposed for KV and DWV: association with
aggressive worker behaviors and shrunken worker wings, re-
spectively. In our experiments, we observed no attackers with
shrunken wings. In addition, no DWV sequence was detected
in the phylogenetic-tree analysis, although we used sequences
that were common to KV and DWV as primers.

The tissue distribution of DWV was also different from that
of KV in that DWV was not detected in the heads of healthy
workers (35). Thus, it is likely that differences in their genomic
sequences generate different pathogeneses and tissue distribu-
tions. The nucleotide sequence alternation was much higher in
the RdRp region (approximately 6% between KV and DWV)
than that in the VP1 region (less than 3%), and in the RdRp
region, the alternation resulted in a 2-amino-acid-residue sub-
stitution between KV strains and DWV (data not shown).
These results suggest that KV represents a virus strain distinct
from DWV. Indeed, at least a 1% sequence difference, or
substitution of a few amino acids, is enough to generate distinct
toxicities in some kinds of viruses (16, 17, 24). It is also possible
that KV and DWYV represent a regional difference (e.g., KV in
Japan and DWYV in Europe) in what is essentially the same
virus. Artificial infection experiments using infectious clones of
these viruses will be needed to test these possibilities.
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