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Abstract Invasive fungus-growing ambrosia beetles are an
emerging threat to forest ecosystems and fruit industries, but
management tools are lacking. Here we explored the poten-
tial of beetle symbionts–ambrosia fungi–as a source of
attractants. Our focus was the redbay ambrosia beetle, Xyle-
borus glabratus, and its symbiotic fungus, Raffaelea laur-
icola, which are devastating lauraceous hosts in the
southeastern United States. We also tested three additional
co-occurring beetle species and their symbionts. Each beetle
species was consistently attracted to the odors of its symbiotic
fungal species, occasionally also to symbionts of other spe-
cies, but never to non-symbiotic Trichoderma. We further
confirmed attraction to ethanol (positive control) in some
species. Thus, ambrosia fungi produce volatiles attractive to
their vector beetles, which may have potential as novel lures
for ambrosia beetle management.
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Introduction

Invasive fungus-farming ambrosia beetles (Xyleborus, Xylo-
sandrus) pose a growing threat to forest ecosystems and
fruit industries (Hulcr and Dunn, 2011), but management
tools are lacking. Here, we explored the possibility that an
entirely new source of olfactory cues–volatiles from fungal
symbionts–may attract ambrosia beetles, suggesting a prom-
ising direction for lure development. Ambrosia beetles colo-
nize tree xylem, which they inoculate with one or more
species of symbiotic fungi, their sole source of food. Most
xyleborini beetles do not produce long-distance pheromones,
and are host-generalists, relying on general cues of host decay
such as ethanol (Ranger et al., 2010). Xyleborus glabratus
appears to be an exception that is attracted to specific host
volatiles (Kendra et al., 2011). Olfactory interactions between
beetles and their fungi have not been studied in depth (but see
Hanula et al. (2008)).

We tested whether the invasive Xyleborus glabratus and
three other commonly co-occurring beetle species in south-
eastern U.S.A. (Xyleborus ferrugineus, Xylosandrus cras-
siusculus, and Xyleborinus saxesenii) are attracted to
volatiles from their respective fungal symbionts, and/or
volatiles from symbionts of other ambrosia beetle species,
or whether they are attracted to fungi in general, including
non-symbiotic fungi.

Methods and Materials

Ambrosia beetles were reared from redbays killed by laurel
wilt, and from naturally infested dead poplar and loblolly
pine, collected near Myrtle Beach, South Carolina, U.S.A.,
and Kissimmee Lake, Florida, U.S.A., in 2010. A 1% dilu-
tion of mycangium content from several representatives of
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each species was cultured on potato dextrose (PD) agar.
Isolations of single-hypha strains of all ambrosia-like mor-
photypes (Ambrosiella, Ambrosiozyma, or Raffaelea) fol-
lowed previously published protocols (Kolarik and Hulcr,
2008). Morphotyping to genus was confirmed by amplifi-
cation of ITS1 or SSU rDNA sequences using the primers
ITS1 and ITS4, or NS1 and NS4, respectively (White et al.,
1990; Gardes and Bruns, 1993), followed by identification
in NCBI-BLAST (see Table S1 for results).

Behavioral Assays Using a 2-choice Teflon olfactometer
(Analytical Research Systems, Gainesville, FL, USA) thor-
oughly described in Mann et al. (2011), we measured
responses of beetles to volatiles from R. lauricola (symbiont
of X. glabratus), Ambrosiella xylebori (symbiont of X. cras-
siusculus), Ambrosiozyma ambrosiae (symbiont of X. ferru-
gineus), Trichoderma sp. (antagonist of fungi and insects
common in ambrosia beetle galleries), and ethanol, a known
attractant of many ambrosia beetles. Fungus odor sources
consisted of individual 0.25 cm2 pieces of actively growing
mycelium on PD agar medium; sterile medium was used as
blank control. In case of ethanol, 1 ml of absolute alcohol was
pipetted onto 5 cm of cotton wick; an untreated cotton wick
was used as a blank control. A constant airflow of 0.1 l/min
was maintained through both olfactometer arms, and a 0.5 l/
min suction flow vacuumed the odor mixture from the olfac-
tometer. The olfactometer was housed within a temperature
controlled room (26±1°C, 60±2% RH) inside a fiber board
box for uniform light diffusion from a fluorescent 900 lx light
bulb. We confirmed the lack of positional bias by exposing a
batch of beetles to two clean air treatments (blank odor fields).

Approximately 20 newly emerged beetles of a single
species were assayed per replicate; each species replicated
at least 5 times, always with new beetles. An odor source
was randomly assigned to one of the olfactometer arms at
the beginning of each assay and reversed after every repli-
cation. After each run, the olfactometer and the glass tubes
were washed in soapy water and rinsed with distilled water.
The glass tubes then were rinsed with acetone and oven
dried overnight at 93.3°C, and the olfactometer stage was
cleaned with absolute alcohol and air-dried. The numbers of
beetles choosing the control arm vs. the treatment arm were
compared with the Chi square test. Beetles not moving
normally (exhibiting difficulty of walking or in poor condition)
were excluded from analysis.

Results

We isolated diverse communities of fungi and yeasts from
beetle mycangia (for details see Table S1). Xyleborus glabra-
tus consistently yielded Raffaelea lauricola and R. subalba

(Ascomycota, Ophiostomatales). Xyleborus ferrugineus
commonly yielded Raffaelea albimanens (Ascomycota,
Ophiostomatales), Ambrosiozyma ambrosiae (Ascomycota,
Saccharomycetales), and an unidentified Ambrosiozyma-like
strain. We selected A. ambrosiae as the experimental symbi-
ont. Xylosandrus crassiusculus yielded Ambrosiella xylebori/
hartigi (ambiguous BLAST assignment; Ascomycota, Micro-
ascales). We did not isolate symbionts of Xyleborinus saxese-
nii. To test responses of beetles to a non-symbiotic
antagonistic fungus, we chose Trichoderma sp. isolated from
our samples.

Beetle Responses Each beetle species for which a symbiont
was available showed statistically significant attraction to its
respective symbiont (Fig. 1). The two representatives of the
genus Xyleboruswere also attracted to certain symbionts from
other beetle species (Fig. 1, Table 1). The non-symbiotic
Trichoderma never triggered attraction from any beetle spe-
cies. Ethanol was attractive to X. ferrugineus and X. crassius-
culus, and did not elicit significant response from X. glabratus
and X. saxesenii (Fig. 1).

Discussion

The tested fungus-farming ambrosia species responded pos-
itively to volatiles from their symbiotic fungi. Specificity of
the reaction varied by beetle genus. In both Xyleborus spp.,
we observed attraction to several ambrosia fungi, but Xylo-
sandrus crassiusculus was attracted only to its own symbiont.
Xyleborus spp. are often associated with more symbionts than
Xylosandrus spp. (Six et al., 2009; Harrington et al., 2010).
We suggest that symbiont specificity and odor-perception
specificity may be correlated traits. Attraction of ambrosia
beetles to volatile cues from their fungal symbionts may
function as a mechanism to locate established fungal gardens
of conspecific beetles (suitable microhabitat), but also as an
orientation cue within a gallery.

Our results are not consistent with Hanula et al. (2008),
who did not observe attraction of X. glabratus to trees
infested with its symbiont as compared with non-infested
trees. The difference may have been caused by the unknown
vigor of the fungal colonies in the logs exposed for several
months in Hanula et al., or perhaps because fungal odors do
not transpire readily from the inside of logs. The beetle
responses to ethanol, in general, confirmed previous reports
(Hanula and Sullivan, 2008; Ranger et al., 2010), except in
Xyleborinus saxeseni.

Responses of beetles to odors of fungal symbionts were
statistically significant, but often weak (Fig. 1). Further
experiments may require a modified assay (ambrosia beetles
are poor walkers), varying release rates of attractants, and a
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test of synergy with host tree volatiles. Our results indicate
that fungal symbiont volatiles are a source of attractants,

with a potential for development of lures for monitoring
invasive ambrosia beetles.

Fig. 1 Percentage of beetles attracted to fungal odors (right bars) vs.
blanks (sterile agar media, left bars), and total numbers of tested
individuals. Non-moving beetles were excluded. Highlighted bars

indicate statistically significant differences (stripes: repulsion, squares:
attraction). The symbiont of each beetle is highlighted (X. saxesenii did
not have a symbiont in the study)

Table 1 Responses of ambrosia beetles to volatiles from ambrosia fungi, antagonistic fungus, or ethanol. Fractions: absolute numbers of “beetles in
treatment arm/beetles in control arm” summed across all trials. NA: non-active beetles

Beetle species Response to:

Raffaelea lauricola Ambrosiozyma sp. Ambrosiella xylebori Trichoderma ethanol

Xyleborus
glabratus

attracted attracted repelled no response no response

SYMBIONT 54/28,
!208.24; df 0 1;
P00.004, NA 0 36

68/45, !205.05;
df 0 1; P00.02,
NA 0 57

18/45, !2011.57;
df 0 1; P00.001,
NA 0 19

48/41, !200.55;
df 0 1; P00.46,
NA 0 78

29/31, !201.90;
df 0 1; P00.27,
NA 0 32

Xyleborus
ferrugineus

no response attracted attracted repelled attracted

156/132, !202;
df 0 1; P00.16,
NA 0 98

SYMBIONT 138/96,
!207.54; df 0 1;
P00.006, NA 0 35

139/94, !208.69;
df 0 1; P00.003,
NA 0 8

133/178, !206.51;
df 0 1; P00.01,
NA 0 102

107/60, !2013.23;
df 0 1; P<0.001,
NA 0 33

Xylosandrus
crassiusculus

repelled no response attracted no response attracted

55/82, !205.32;
df 0 1; P 00.02,
NA 0 116

27/40, !200.02;
df 0 1; P00.89,
NA 0 12

SYMBIONT 39/21,
!205.4; df 0 1;
P00.02, NA 0 6

119/114, !200.11;
df 0 1; P00.74,
NA 0 102

42/18, !209.40;
df 0 1; P00.002,
NA 0 5

Xyleborinus
saxesenii

repelled no response no response repelled no response

56/98, !2011.45;
df 0 1; P 00.001,
NA 0 50

57/78, !203.23;
df 0 1; P00.07,
NA 0 51

43/63, !203.77;
df 0 1; P00.05,
NA 0 54

36/74, !2013.13;
df 0 1; P<0.001,
NA 0 53

34/26, !201.07;
df 0 1; P00.3,
NA 0 20
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