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Abstract

The Eurasian spruce bark beetle Ips typographus, a major forest pest on Norway spruce (Picea
abies), forms intimate associations with several types of microbial symbionts. While previous
research has focused primarily on filamentous fungi, yeasts have remained largely unexplored.
Here, we show that yeasts associated with I. typographus may contribute to host tree colonization
by providing defensive benefits. Dominant yeasts (Yamadazyma, Kuraishia, Nakazawaea, and
Wickerhamomyces), which are phylogenetically related to other insect-associated
Saccharomycotina, significantly attract adult beetles. Moreover, several yeasts inhibit the growth
of the pathogenic fungus Trichoderma harzianum in vitro, and beetle eggs benefit from the
10 presence of Kuraishia capsulata by reduced fungal infection under semi-natural conditions.
11 Strikingly, these effects are mediated by the yeasts’ transformation of the tree’s defensive stilbene
12 glycosides into antimicrobial aglycones and phenolic acids that accumulate in beetle galleries.
13  These findings reveal a previously unrecognized role of symbiotic yeasts in converting spruce
14 defensive stilbene glycosides into antimicrobial aglycones and oxidative cleavage products that
15 accumulate in beetle galleries, and might contribute to the survival of their bark beetle host.

OCoOoONOOTULIPWN PR

17 Introduction

18 Bark beetles (Curculionidae: Scolytinae) are the main biotic driver of disturbances in temperate
19 forests of the Northern Hemisphere (1,2). With annual losses of up to 70 Mm3 of timber in Europe
20 alone (1), the Eurasian spruce bark beetle (Ips typographus) is one of the most devastating forest
21 pests in the Palearctic. Its ecological success is astonishing, given that its host tree, Norway spruce
22 (Pinaceae: Picea abies), possesses very effective constitutive and inducible defense mechanisms
23 against herbivore attacks (3). Spruce trees have thick, suberized cork that serves as an outermost
24 protective layer to the stems, as well lignin-rich stone cells scattered throughout the phloem which
25 hinder the advance of herbivores (3). Aside from these physical barriers, Norway spruce also
26 produces constitutive chemical defenses: polyphenolic parenchyma cells containing stilbene
27  glycosides and flavonoids are abundant in the phloem, and resin ducts store toxic and viscous
28 terpenoid mixes in the xylem and phloem (3). Upon bark beetle attack, the tree’s inducible chemical
29 defenses are activated: the de novo production of terpenoids and phenolic compounds is
30 upregulated, creating an even more hostile environment for invaders (4,5). Despite this multi-
31 layered defense system, I|. typographus are able to colonize and kill large numbers of P. abies
32 during eruptive beetle population phases. While several climatic and anthropogenic factors are
33 known to favor bark beetle outbreaks, the biological aspects behind the insects’ destructive
34 capabilities are less understood (6).

35 Symbioses with microorganisms are widespread across insect orders, and they are one of
36 the evolutionary mechanisms underlying insects’ adaptations to challenging environments and
37  nutrient-poor diets (7). Bark beetles form partnerships with filamentous fungi of diverse taxonomic
38 groups, and these associations vary in their degree of specialization (8). In some species, beetles
39 have even evolved dedicated structures (i.e., mycetangia) to transport their fungal ectosymbionts
40  and vector them into the host trees during colonization (9). In the case of I. typographus, the beetle
41 associates with several Sordariomycetes (Ascomycota) that utilize the tree’s phenolic compounds
42 as carbon sources (10) and transform resin monoterpenes into volatile cues that aid the beetles in
43 locating them (11). Thus, it is likely that one of their main roles consists of metabolizing spruce
44 defense compounds during the attack (8). Further, it has been hypothesized that these fungi may
45 serve as an additional nutritional source for the beetle and protect it from pathogenic
46 microorganisms during host tree invasion, but these roles have not been experimentally
47 demonstrated (8). Other members of the bark beetle microbiota are underrepresented in the
48 literature and less is known about their contributions to the insect’s success (12,13).

49 The association of bark beetles with yeasts has been known since the 1930s (14), yet, their
50 ecology and a potential functional role within the beetle-microbe-tree system remain poorly
51 investigated (12). A consistent group of yeasts is found in the gut and gallery environment of I.
52 typographus throughout its life stages and across different geographic locations in Eurasia: taxa
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53 from the genera Wickerhamomyces, Kuraishia, Nakazawaea, Yamadazyma, Ogataea,
54 Cryptococcus, and Cyberlindnera are among the most abundant members of its fungal
55  communities (15-18). Female beetles introduce yeasts into the phloem during tree colonization,
56 making them available to their offspring in the oviposition sites (18). This vertical transmission
57 mode, along with the ubiquitous presence of yeasts belonging to these genera in other Ips (19) and
58 Dendroctonus (20,21) bark beetles, suggest that these microbes are important for Scolytines (12).
59 I. typographus-associated yeasts can convert cis-verbenol and trans-verbenol, major components
60 of the beetle’s aggregation pheromone, into verbenone (22), an anti-aggregation pheromone that
61 the insect utilizes to avoid intraspecific competition when choosing a new host tree (23). Aside from
62 emitting volatile signaling compounds, several of these yeasts possess complete metabolic
63 pathways for essential amino acid and vitamin B6 biosynthesis, as well as large numbers of genes
64 related to detoxification processes (24), but their relevance for bark beetles’ survival remains
65 unknown.

66 In this study, we investigated the roles of the yeast communities in the successful
67 colonization of I. typographus in its host tree, Norway spruce. We hypothesized that yeasts are
68 involved in metabolizing some of the tree’s major defense compounds. Chemical analyses coupled
69 with in vitro- and in vivo-bioassays reveal that the yeasts transform the tree’s defenses into
70 compounds that may be used for protecting the beetle eggs against pathogens. These findings
71 highlight a previously underappreciated role of yeast communities in the life history of bark beetles.

72
73 Results

74 Ips typographus harbors a characteristic community of yeasts and is attracted to its
75 members. To study the yeast community associated with |. typographus, we generated an isolate
76 collection for phylogenetic analysis, behavioral assays and further biochemical characterization. A
77  total of 76 yeast isolates were obtained from the surfaces, heads and abdomens of adult I.
78  typographus by culture-dependent methods and identified by sequencing the gene encoding the
79 large subunit (28S) of the rRNA (Suppl. Table S1, Suppl. Fig. S1). The most abundant taxa,
80 Yamadazyma scolyti, Y. tenuis, Wickerhamomyces bisporus, Kuraishia capsulata, K. molischiana,
81 and Nakazawaea holstii, were selected for subsequent analysis. The phylogenetic placement of
82 these species showed that they are related to yeasts that were isolated from insects, their habitats,
83 or decaying wood (Fig. 1). Olfaction-guided choice assays with in vitro cultures (Fig. 2a) showed
84 that adult I. typographus were significantly attracted to their main yeast associates versus
85 uninfested medium (exact binomial test p < 0.05, n = 40, Fig. 2b), except for W. bisporus (p =
86 0.4296). When presented with the yeast Danielozyma ontarioensis, a symbiont of another bark
87  beetle Polygraphus poligraphus (25), the beetles did not prefer this isolate over the uninfested
88 control (p = 0.6358). Further, the insects showed a strong aversion towards the pathogenic fungus
89  Trichoderma harzianum (p = 1.383x10%), which co-occurs in bark beetle galleries (11). Our
90 culture-dependent characterization of the yeast community complements previous culture-
91 independent analyses that found the same taxa associated with |. typographus in different
92 geographic locations and across beetle life stages (15-18). Taken together, the consistency of
93 these associations, the close phylogenetic relationship of the isolates to other insect-associated
94  yeasts, and the attractive effect of yeast volatiles on adult beetles indicate a stable symbiosis that
95 may be beneficial to both insect and yeast partners.

96

97  Yeasts protect beetle eggs from a pathogenic fungus. Bark beetles and their symbionts
98  encounter a microbe-rich environment upon arriving at a new spruce host tree. However, during
99 the excavation of the maternal and larval galleries, the composition of the fungal and bacterial
100 communities shifts and becomes dominated by a subset of taxa associated with the bark beetles.
101 Yeasts are early microbial colonizers of the galleries and remain some of the most abundant fungi
102 throughout the development of the beetles (15,18). We hypothesized that yeasts can regulate the
103 growth of other fungi in the galleries (12) by creating unfavorable growth conditions for non-
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104 beneficial saprophytes and pathogens. To test this, we carried out in vitro assays where the
105 pathogenic fungus Trichoderma harzianum was confronted with each of the main bark beetle-
106  associated yeasts (Fig. 3a). When co-cultivated on potato dextrose agar (PDA), T. harzianum
107 colonized the full plate, and no inhibition zones were formed around any of the yeast isolates.
108 However, when T. harzianum and the yeasts were co-cultivated on the more ecologically relevant
109 spruce phloem agar (SPA), K. capsulata, K. molischiana and N. holstii inhibited the growth of T.
110 harzianum (Fig. 3b). When we repeated these confrontation assays with two major bark beetle
111 ectosymbionts, G. penicillata and E. polonica, and three of the yeasts, the growth of G. penicillata
112 remained unaffected by the presence of yeasts, while E. polonica displayed delayed growth but
113  was not significantly inhibited (Suppl. Fig. S2).

114 Female I. typographus lay their eggs in individual niches that they carve out on the sides
115 of the maternal gallery and cover them with a protective plug made from masticated phloem. The
116  females inoculate the plug with their associated yeast and bacteria (18). To test whether the
117  antifungal effect displayed by the yeasts is ecologically relevant for the beetle’s early developmental
118  stages, we generated yeast-free eggs by surface-sterilization and exposed them to T. harzianum
119 under semi-natural conditions (26). Briefly, surface-sterilized eggs were randomly assigned to
120 either sterile or Kuraishia capsulata-inoculated artificial phloem plugs, and then challenged with a
121 suspension of T. harzianum spores (Suppl. Fig. S3). Untreated eggs placed on sterile artificial
122 phloem plugs were used as a negative control. The T. harzianum infection probability was
123 significantly lower when the yeast K. capsulata was inoculated into the plugs at concentrations
124 comparable to those found under field conditions (18) (Fig. 4, Log-rank test X2 = 11.5, p = 0.003;
125 Cox proportional hazards regression p = 0.002 for the presence of K. capsulata; n = 18) . The egg’s
126 native microbiota alone (control treatment) was insufficient to confer protection against the
127  pathogen T. harzianum, which highlights the importance of yeast inoculation by female beetles into
128 the phloem plugs during oviposition.

129

130 Yeasts metabolize a group of major defense compounds in spruce phloem. Since the
131 antifungal effect of the cultivated yeasts was only observed in the presence of spruce phloem, we
132 hypothesized that yeasts utilize compounds present in Norway spruce or their metabolites to
133 regulate the growth of filamentous fungi in the galleries. The stilbene glycosides piceid, astringin
134 and isorhapontin are among the most abundant defense compounds in P. abies phloem (27). LC-
135 MS/MS analysis of freeze-dried spruce phloem agar revealed that the content of the three stilbene
136 glycosides was significantly reduced after five days of incubation with the individual yeasts,
137 reaching near-zero concentrations in all cases (Fig. 5). This also occurred in fresh spruce phloem
138 agar (Suppl. Fig. S4) and fresh yeast biomass (Suppl. Fig. S5). Conversely, we observed a
139  significant increase of the corresponding stilbene aglycones resveratrol, piceatannol and
140 isorhapontigenin in the phloem agar (Fig. 5; Suppl. Fig. S4) and the yeast biomass (Suppl. Fig. S5)
141 of all isolates except for K. capsulata. This yeast enriched both spruce phloem and its own biomass
142 with the phenolic acids 4-hydroxybenzoic acid, protocatechuic acid and vanillic acid (Fig. 5, Suppl.
143 Figs S4-Sb), likely derived by oxidative cleavage of the corresponding stilbene aglycones (28).
144 These results suggest that I. typographus-associated yeasts metabolize the stilbenes present in
145 spruce phloem.

146 To assess whether our in vitro findings reflect the chemical changes that occur in a natural
147  setting, we sampled bark beetle galleries at multiple time points after beetle infestation and
148 measured the concentrations of stilbene glycosides, stilbene aglycones and phenolic acids. We
149 observed a strikingly similar pattern, with high stilbene glycoside contents in non-excavated phloem
150 adjacent to beetle galleries and near-zero concentrations of these compounds in excavated
151 galleries collected at the same time point (Fig. 6; Suppl. Fig. S6). Further, the stilbene aglycone
152 content was significantly higher in early larval galleries (Fig. 6), recently excavated maternal
153  galleries, egg plugs, and the frass collected from pupal chambers than in non-excavated adjacent
154 phloem (Suppl. Fig. S6). Phenolic acids were also detected in the gallery environment, especially
155 in freshly excavated maternal galleries (Suppl. Fig. S6). The concentrations of both the stilbene
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156  aglycones and phenolic acids decayed over time, which may be partially explained by the
157  ecological succession of microorganisms within the galleries. Highly specialized, later-colonizing
158  fungal species may metabolize stilbene aglycones or even use them as a carbon source, as has
159  been shown for some of the filamentous symbionts of Ips typographus (10,27,29). As for phenolic
160 acids, an in vitro assay with a panel of bark and ambrosia beetle-associated filamentous fungi
161 showed that most of them are capable of metabolizing these molecules after 12 days (Suppl. Fig.
162 7).

163 Yeast stilbene metabolites inhibit the growth of a pathogenic fungus. As stilbene aglycones
164  and phenolic acids were detected as major yeast-produced derivatives of the stilbene glycoside
165 tree defenses (Fig. 5; Suppl. Figs. S4-S5), and these compounds are known to have antifungal
166 properties (30,31), we evaluated their bioactivity in mixtures against bark beetle-associated fungi
167 using an agar strip assay. The assay was set up by cutting two-centimeter strips out of the center
168 of PDA plates and then refilling them with PDA containing either 2% DMSO (control), a stilbene
169  aglycone mix, or a phenolic acid mix that emulated the concentrations produced by the yeasts in
170  spruce phloem agar. A fungal inoculum was placed on one side of each plate and incubated until
171 the mycelium of the control treatment reached the opposite edge of the plate (Fig. 7a). The stilbene
172 aglycone mix containing resveratrol, piceatannol and isorhapontigenin showed a strong inhibitory
173 effect on the pathogenic fungus T. harzianum and reduced the growth of the beetle symbiont E.
174 polonica (Fig. 7b, Kruskal-Wallis rank-sum test followed by Dunn’s post-hoc test, p < 0.05).
175 Interestingly, the beetle symbiont G. penicillata was not significantly inhibited by the stilbene
176 aglycone mix (Fig. 7b, p = 0.24). The phenolic acid mix containing 4-hydroxybenzoic, vanillic, and
177 protocatechuic acids did not inhibit the growth of any of the fungi (Fig. 7). These results are
178 congruent with the observations from the co-cultivation assays of filamentous fungi and the yeasts
179 K. capsulata, K. molischiana, and N. holstii (Fig. 3 and Suppl. Fig. S2), indicating that stilbene
180  aglycones may form part of the yeasts’ chemical defenses against fungal competitors in the
181 galleries.

182 Given that phenolic acids occur at comparatively higher levels in newly founded maternal
183 tunnels rather than in older samples (Suppl. Fig. S6), we hypothesized that these yeast stilbene
184 metabolites may also play a role in regulating fungal growth during the early stages of gallery
185 colonization. We found that the biomass of bark beetle-associated fungi was significantly reduced
186 when grown on PDA amended with concentrations of the phenolic acid mix in the range formed by
187 K. capsulata, the yeast producing the highest levels of these substances. When tested at this higher
188 concentration, these stilbene metabolites significantly reduced the biomass of both the pathogen
189  T. harzianum and the bark beetle filamentous symbionts (Suppl. Fig. S8). Phenolic acids seem to
190 have antifungal effects that may also influence the growth of bark beetle symbiotic fungi, especially
191 during the earliest stages of gallery colonization when these compounds are more abundant (Suppl.
192 Fig. S6). Curiously, the yeast K. capsulata possesses a specialized stilbene metabolism producing
193 much higher levels of phenolic acids than the other species tested (SI Appendix — Kuraishia
194 capsulata metabolism, Suppl. Figs. S9-S11). Thus, the occurrence of high amounts of phenolic
195 acids in bark beetle galleries may depend on the relative abundance of K. capsulata in the yeast
196 community.

197
198 Discussion

199 The associations between scolytines and yeasts are widespread across geographic
200 locations and beetle species (12,13,19,21). Yeast communities seem to be stable in certain bark
201 beetle species, and over the years it has been speculated that these microorganisms perform
202 beneficial functions for their insect partners (12,14). We provide first evidence that symbiotic yeasts
203 may benefit bark beetles in a system that includes the host tree, the beetle’s filamentous symbionts,
204 and fungal antagonists. Our results show that yeasts modify spruce defense chemicals, in a way
205 that could protect the beetle’s eggs from a pathogen and regulate the growth of filamentous
206 ectosymbionts in the galleries (Fig. 8). Furthermore, behavioral assays revealed that adult beetles
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207 are attracted to their symbiotic yeasts, and phylogenetic analysis showed these isolates are related
208 to those obtained from other insects. However, the question of whether these associations are
209 mutualistic remains unanswered. We speculate that beetle-mediated dispersal and early access to
210 freshly excavated galleries could be beneficial for the yeasts, but whether these advantages go
211 beyond phoresy remains uncertain.

212 Similar to burying beetles, where vertically transmitted Yarrowia yeasts play an important
213 role in preserving the insect’s feed and breeding substrate (32,33), bark beetles shape the microbial
214  communities in the galleries to increase substrate quality for their offspring (18). In both systems,
215 the beetles exhibit a subsocial parental care that involves substrate manipulation, vertical
216  transmission of microbes, and some degree of grooming (34) (in I. typographus, grooming is limited
217  tothe maternal galleries and the phloem plugs). For both beetles, the preparation and preservation
218 of their nutritional resources relies on a complex microbial community composed of fungi and
219 bacteria that defend their feeding and breeding substrates against antagonists (33).

220 In the context of defensive symbioses, the strategies used by microorganisms to protect
221 their animal hosts can be classified in four categories: host vigor improvement, competitive
222 exclusion, immune stimulation or priming, and direct chemical defense (35). In insects, there are
223 some well-known examples of symbiont-mediated chemical defense. This is the case for beewolf
224  wasps (Philanthus triangulum) that cultivate Streptomyces philanthi in specialized antennal
225 bacteriangia (36) and apply them to their brood cells before oviposition (37). The bacteria produce
226 an antimicrobial mixture of streptochlorin and several piericidin derivatives, which offer the
227 beewolves’ cocoons a prophylactic protection against opportunistic soil-dwelling pathogens (38).
228  Another bacterium, Burkholderia gladioli, is vertically transmitted by female darkling beetles (Lagria
229  villosa) to their eggs. Depending on the strain, the microbe protects its host’s offspring by deploying
230 the antifungal lagriamide or a mix of antimicrobials including caryoynencin, sinapigladioside,
231 lagriene, and other bioactive compounds (26,39). In both the beewolf and the Lagria symbiosis, the
232 microorganisms synthesize various compounds that shield vulnerable life stages of their hosts from
233 antagonists present in their breeding substrates.

234 As in the aforementioned examples, the bark beetle-associated yeasts K. capsulata, K.
235 molischiana and N. holstii deploy ‘chemical cocktails’, mixtures of antifungal compounds, as a
236 potential defensive strategy. The particularity of these yeasts, however, is that they do not produce
237 these defensive substances de novo, but instead co-opt and modify Norway spruce defense
238 compounds in a way that could protect the offspring of their insect host against pathogen attacks.
239 This strategy is enabled by the host tree, which accumulates very high concentrations of
240 antimicrobial compounds in the phloem tissues of its main trunk (40). Hence, when yeasts
241 hydrolyze the spruce stilbene glucosides to their corresponding and more toxic aglucones, this
242 leads to high concentrations of antimicrobial substances in bark beetle galleries. This metabolism
243 is apparently not harmful to the beetles themselves, which have been reported to convert stilbene
244 glucosides to aglucones via their own enzymes (27). However, this outcome has a profound
245 negative impact on the tree by benefiting one of its main herbivores. Thus, a plant’s production of
246 high levels of antimicrobial defenses may not necessarily be to its benefit if these are subsequently
247 deployed against a pathogen of its herbivore. Critical for this outcome is also that the herbivore’s
248 microbial symbiont, the yeast, must be resistant to the toxic effects of stilbene aglucones.

249 The ability of bark beetles to also transform stilbene glucosides to aglucones in their guts
250 (27) may contribute to the antifungal activity in their galleries, especially at later stages of infestation
251  when their galleries are filled with frass. However, the presence of yeasts in the early phases of
252  gallery development suggests an important role for these symbionts in provisioning antimicrobial
253 stilbenes during vulnerable stages of beetle development, although we cannot exclude the
254  possibility that there are additional compounds involved in these protective effects, such as the
255  terpenoid components of the resin, some of which are known to have antifungal properties (41).
256 Nevertheless, our findings provide evidence for a novel mechanism of chemical defense in
257 herbivore-microbe symbioses, where associates of an insect’s fungal community metabolize host
258 plant defense compounds in a manner that may reduce pathogen pressure on the insect.
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259 Materials and Methods

260 Culture media. Throughout our study, we used different culture media for yeast and filamentous
261  fungi cultivation. For initial characterization (yeast isolation, tree defense metabolite quantification
262 after yeast growth) we used spruce phloem agar medium (SPA) which consisted of 2% w/v freeze-
263 dried P. abies phloem powder with 2% w/v bacteriological agar (Carl Roth®). For initial fungal
264 confrontation assays, behavioral assays, and stilbene metabolism tests we used standard potato
265 dextrose agar medium (PDA, Carl Roth®). For the rest of the confrontation assays we used
266 enriched spruce phloem agar medium (rich SPA) which consisted 2% w/v freeze-dried P. abies
267 phloem powder with 1% wi/v bacteriological agar (Carl Roth®) amended with 1% w/v PDA to
268 promote fungal growth. Liquid cultures for glycerol stocks and inoculum for the experiments were
269  grown in potato dextrose broth (PDB, Carl Roth®).

270

271 Yeast isolation and identification. We used a cultivation-based approach to characterize the
272 yeast communities associated with the European spruce bark beetle. Adult I. typographus were
273  collected in the summer of 2024 from pheromone-baited traps in the Tharandt forest (Saxony,
274 Germany), where traps were emptied twice a day. Subsequently, live beetles were stored
275 individually at 4°C in sterilized 1.5 mL tubes for max. 2 days, until they were further processed. In
276  total, fifteen beetles were used for the isolation of yeasts. Each individual was placed in a
277 microcentrifuge tube containing 500 pl of sterile phosphate buffer saline (PBS) and 0.1% Tween
278 solution. The tube was vortexed for 20 seconds to obtain a suspension of the microorganisms
279 present on the insect’s surface. Each beetle was subsequently removed from the tube and the head
280 was excised from the body with a sterile scalpel. Each beetle segment was transferred to a
281 microcentrifuge tube containing 500 pl of a solution of sterile PBS and 0.1% Tween 20®, macerated
282 using sterile micro-pestles and vortexed vigorously for 20-40 seconds. A 100 pl aliquot of each
283 sample was inoculated into spruce phloem agar (SPA) and incubated for 72 hours at 25°C and
284  65% relative humidity. Morphologically distinct colonies were picked from each plate, streaked onto
285 potato dextrose agar (PDA, Carl Roth®) and incubated for 48 hours at 25°C and 65% relative
286 humidity. This step was repeated until pure cultures were obtained. Glycerol stocks from all isolates
287 were prepared and stored at -80°C for long-term preservation.

288 DNA was extracted from pure cultures using the Jena Bioscience Animal and Fungi DNA
289 preparation kit following the manufacturer’s instructions. DNA quality and yield were measured
290 using a nanospectrophotometer (Nanodrop 2000c, Thermo Fischer Scientific). The large subunit
291 gene (LSU, 28S rRNA) was amplified with a Polymerase Chain Reaction (PCR) using the primers
292 LROR (GTACCCGCTGAACTTAAGC) and LR5 (ATCCTGAGGGAAACTTC) (42). The PCR
293 program consisted of an initial denaturation step of 4 minutes at 95°C followed by 30 cycles of 45
294 s at 94°C, 30 s at 55 °C and 60 s at 72°C, and a final extension step at 72°C for 6 minutes. The
295 resulting products were purified using the Wizard SV Gel and PCR clean-up system (Promega).
296 The purified amplicons were sequenced bidirectionally in a 3730XL DNA Analyser (Applied
297 Biosystems from Thermo Fisher Scientific). The sequences were analyzed using SnapGene Viewer
298 v6.1. The reverse sequences were transformed to their reverse-complementary strands and
299 aligned with the forward sequences to create the consensus sequences using GeneDoc v2.7.
300 These final sequences were compared against the NCBI database (43) and the taxonomy was
301 assigned to the species level (>99% identity match). A representative isolate of each species was
302 used for the subsequent experiments.

303

304 Yeast phylogeny. To infer the phylogenetic affiliation of the yeast taxa obtained in the study, we
305 performed maximum likelihood analyses using R (version 4.5.1) (44) and 1Q-Tree (version 2.2.2.)
306 (45). The phylogeny comprises 37 yeast species using the large subunit ribosomal ribonucleic acid
307  (LSU; 28S rRNA), from which nine sequences were generated in this study while the remaining
308 sequences were retrieved from the NCBI GenBank database (Suppl. Table S1).
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309 We systematically compared multiple sequence alignment methods to identify the optimal
310 alignment for downstream phylogenetic analyses using the package “msa” (46). Four algorithms
311  were tested: Clustal Omega(47), ClustalW (48), Muscle (49), and MAFFT (50). To improve
312 alignment quality by removing poorly aligned or ambiguously aligned regions, Gblocks Version
313 0.91b(51) was applied to each alignment filtering out positions with high gaps or low conservation.
314 Next, each alignment and its corresponding Gblocks-filtered version were assessed using four
315 quality metrics: mean Shannon entropy per position, gap percentage, proportion of fully informative
316 positions, and log-likelihood values derived from fitting phylogenetic trees using maximum
317 likelihood with neighbor-joining starting trees applying the packages “Biostrings”, “entropy”,
318 “seqinr’, and “phangorn” (49,52-58). The best Gblocks-filtered version (in this case Muscle) was
319 selected based on the highest overall quality scores. Then, we used the model finder implemented
320 in IQ-Tree to select the best-fitting model (TIM3+F+1+R3) for further analyses. Phylogenetic trees
321 were inferred using maximum likelihood with robust branch support estimation, including 8,000
322 ultrafast bootstrap replicates and Shimodaira-Hasegawa approximate likelihood ratio test (SH-
323 aLRT) branch tests, providing support values for the inferred topology and clades (59). We rooted
324  calculated trees based on a fungal outgroup (Sugiyamaella spp.) using the “ape” package (60).
325 The packages “dplyr’, “tidyverse”, and “stringr” were used for additional data processing and
326 filtering (61-63); “ggtree”, FigTree and Adobe lllustrator (version 26.5) were used to visualize the
327  final maximum likelihood tree (64,65).

328

329 Behavioral assays. To examine whether adult /. typographus were attracted to the yeast isolates,
330 we performed behavioral assays with a previously described method (66), where adult beetles
331 confined to a large Petri dish choose among samples based only on olfactory cues. We used
332 beetles collected from pheromone-baited traps in the Tharandt forest (Saxony, Germany) during
333 2024. Here, we included six [. typographus-associated yeasts, the yeast D. ontarioensis, a
334 symbiont of another Norway spruce bark beetle (25), and Trichoderma harzianum, a pathogen in
335 the bark beetle gallery environment (Suppl. Table S2).

336  To prepare the arenas, 100l of liquid yeast culture (OD600 = 0.1) were inoculated on PDA for 48
337 hours at 25°C and 65% humidity. Then, a 6 mm @ plug was taken from the inoculated PDA plate
338 and used as one of the choice samples, and a non-inoculated PDA plug was used as an alternative
339 choice. For the filamentous fungus T. harzianum, we used one plug (6mm &) from a 4-day old
340 culture growing on PDA. We added four adult beetles to each and randomized all individual assay
341 arenas to exclude site-specific effects. The arenas were transferred to a laminar hood in darkness
342 at 25°C, where choices were monitored every second hour for up to six hours. To test each fungus,
343  we used a total of 10 plates containing four beetles each (n=40).

344

345 Egg infection bioassay. An existing egg infection bioassay for tenebrionid beetles(26) was
346 adapted for the bark beetle system (Suppl. Fig. 5). In brief, the wells of a 96-well plate were filled
347 to Vs of their volume with autoclaved vermiculite and sterile distilled water. Autoclaved filter paper
348 discs were placed in each well, and 1.5 yl of a T. harzianum spore suspension (5-10 spores/ul) was
349 inoculated on each disc. Autoclaved freeze-dried P. abies phloem was rehydrated with autoclaved
350  water until a loose dough consistency was obtained. Phloem spheres (hereafter artificial plugs) of
351 approximately @ 3 mm were formed using a sterile spatula and one of them was placed on top of
352 each filter disc with sterile forceps. I. typographus eggs were collected from the laboratory rearing
353 in Jena, Germany, surface-sterilized following the protocol established by Peng et al.(67) and
354  randomly assigned to sterile or Kuraishia capsulata-inoculated (10* CFU/plug) artificial plugs. Non-
355 sterilized eggs carrying their native microbiota were placed on sterile artificial plugs as a negative
356 control. A total of 18 replicates were carried out per treatment. The plate was sealed with parafilm
357  and incubated at 25°C and 65% relative humidity in the dark for five days. A blinded assessment
358  of the infection status was carried out daily. A sample was marked as infected when mycelium of T.
359 harzianum was visible on the artificial plug or the egg under a stereomicroscope (Leica, Germany).
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360 In vitro confrontation assays. Liquid yeast cultures (N. holstii, W. bisporus, K. molischiana, K.
361 capsulata, Y. scolyti, Y. tenuis; OD600 = 0.1) were pipetted on PDA or rich SPA (spruce phloem
362 agar enriched with 1% PDA) plates forming a straight line along the diameter of the Petri dish
363 (Figure 4). A 6 mm plug of filamentous fungal culture ( Trichoderma harzianum, Endoconidiophora
364  polonica or Grosmannia penicillata) was placed at one of the opposing ends of the plate. The fungi
365  were co-cultivated for up to two weeks at 25°C and 65% relative humidity. Pictures were taken
366 every day with an EOS 600D (Canon) camera to record fungal growth and the presence/absence
367 of inhibition zones. Filamentous fungi inoculated in the absence of yeasts were used as a control.
368 Six replicates were carried out per media-yeast-filamentous fungus combination.

369

370  Stilbene quantification in vitro and in bark beetle galleries. For the in vitro analysis, 100 pl of
371 liquid yeast cultures (N. holstii, W. bisporus, K. molischiana, K. capsulata, Y. scolyti, Y. tenuis;
372 OD600 = 0.1) were inoculated on SPA plates supplemented with a sterile cellophane disk (NeoLab,
373  Germany) to facilitate biomass collection and incubated for five days at 25°C and 65% relative
374 humidity. Non-inoculated spruce phloem agar was sampled at the start of the experiment and after
375 five days of incubation to be used as negative controls. The yeast biomass and the agar were
376 sampled separately and freeze-dried or processed immediately after collection. Methanol extracts
377 were prepared from dried yeast biomass (sample dry mass range 20-40mg) by homogenizing it
378  with 1 mL of methanol (Honeywell) and three metal beads (& 3 mm, Askubal) on a paint shaker
379 (Skandex SO-10M, Fluid Management Europe, The Netherlands) for 5min. Samples were
380 centrifuged afterwards at 9400 rcf for 5 min and the supernatant was collected for further analyses.
381 Stilbenes and phenolic acids were quantified with an LC-MS/MS system. For the gallery samples,
382 nine 25 cm-long Norway spruce logs were placed in individual rearing cages and exposed to 40
383  adult beetles each. They were kept in a walk-in rearing chamber (Viessmann, Germany) with 16 h
384  of light and 8 h of darkness at a temperature of 25°C and relative humidity of 60%. The different
385 parts of the galleries -maternal gallery, phloem plugs, larval galleries, pupal chambers- were
386 sampled from three logs per timepoint (5-, 14- and 21-days post-infestation). Four to six
387 independent galleries were sampled in total per timepoint. In the case of the phloem plugs, all the
388 plugs present along one maternal gallery were pooled to create a sample. A sample of the
389 unattacked adjacent phloem (5 cm away from the beetle galleries) was included for each sampled
390 gallery. The samples were freeze-dried immediately after each sampling batch. Methanol extracts
391 were prepared following the protocol indicated earlier. We performed liquid chromatography-mass
392 spectrometry (LC-MS/MS) on an Agilent 1200 HPLC system (Agilent Technologies, Boeblingen,
393 Germany) coupled to an APl 3200 tandem mass spectrometer (Applied Biosystems, Darmstadt,
394  Germany). Adetailed description of the methods is available in the SI Appendix - Methods. Samples
395 were normalized by the individual sample dry weight unless fresh samples were extracted directly.
396 In these cases, the fresh weight was used to normalize the concentrations.

397

398 Break-down of phenolic acids by filamentous fungi and yeasts. To test the capabilities of
399 filamentous fungi (n = 8, Suppl. Table 2) and yeasts (n = 7) to break down protocatechuic acid,
400 vanillic acid, and 4-hydroxy benzoic acid, we supplemented PDA with an artificial blend containing
401 each of the three phenolic acids originally dissolved in dimethyl sulfoxide (DMSO, Sigma) to a final
402 concentration of 300 pyg/mL of culture media (resulting final concentration of DMSO in the media
403 was 2%). As a control served culture media supplemented with 2% DMSO. Additionally, we added
404 a sterilized cellophane disk to separate biomass from culture medium. Yeasts were first subcultured
405 overnight in liquid potato dextrose broth (PDB, Roth) at 25°C. Then, we inoculated 100 pl of the
406  yeast suspension with an OD600 of 0.1 on each plate. Filamentous fungi were first sub-cultured on
407 PDA and a plug of actively growing mycelium (6 mm @) was transferred on our experimental
408 medium. All plates (n = 6 per isolate) were incubated at 25 °C and 65% humidity for up to 4 days
409 for single-celled yeasts and for up to 12 days for filamentous fungi. Then, we removed the
410 cellophane disk and took pure medium samples, which were subsequently freeze-dried and
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411 processed for further LC-MS/MS analyses using methanolic extracts as described in the previous
412 section.

413

414  Agar strip antifungal activity assays. Two-centimeter-wide strips were removed from the middle
415 of PDA plates to create a well in the agar that crossed the full length of the diameter of each plate.
416 The well was subsequently filled with PDA medium amended with one of the following treatments:
417 DMSO (2 %v/v DMSO/PDA medium, control treatment), a stilbene aglycone mix dissolved in
418 DMSO (piceatannol, resveratrol and isorhapontigenin at a final concentration 500 ug/ml PDA
419 medium each), or a phenolic acid mix dissolved in DMSO (protocatechuic acid, vanillic acid and 4-
420 hydroxybenzoic acid at a final concentration of 500 ug/ml PDA medium each) A 6 mm plug of
421 filamentous fungus culture (T. harzianum, E. polonica or G. penicillata; n = 6) was placed on one
422 side of the Petri dish and incubated until the mycelium of the control treatment reached the other
423 end of the plate. The growth of each treatment was recorded with a Canon digital reflex camera
424 attached to a still stand situated at 40 cm above the plates. Total growth area was measured with
425 Imaged (version 1.54p).

426

427 Filamentous fungi growth in the presence of phenolic compound mixes. Five filamentous
428  fungi (O. bicolor, E. polonica, G. penicillata, C. minuta, and the pathogen T. harzianum, n = 6) were
429 grown in the presence of phenolic compound mixes. The treatments consisted of PDA medium
430 amended with one of the following treatments: DMSO (2 %v/v DMSO/PDA medium, control
431 treatment), a stilbene aglycone mix dissolved in DMSO (piceatannol, resveratrol, and
432 isorhapontigenin at a final concentration 250 ug/ml PDA medium each), or a phenolic acid mix
433  dissolved in DMSO (protocatechuic acid at a final concentration of 2000 pg/ml PDA medium; vanillic
434  acid and 4-hydroxybenzoic acid at a final concentration of 800 ug/ml PDA medium each). The
435 plates were supplemented with a sterile cellophane disk (NeoLab, Germany) to facilitate biomass
436 collection, and @ 6mm plugs of mycelium were used as the inoculum. To account for the different
437  growth rates of each fungal species, the biomass was harvested at the time point when the
438 mycelium of the control treatment had covered the plate, except for C. minuta, where it was
439 collected after 14 days. The mycelium was collected with a cell scraper, freeze-dried and weighted.

440

441 Resveratrol metabolism in Kuraishia capsulata. To investigate the resveratrol metabolism in K.
442 capsulata, 100 pl of liquid yeast culture (W. bisporus, K. molischiana, OD600 = 0.1) were inoculated
443 on PDA amended with either DMSO (2 %v/v DMSO/PDA medium, control treatment) or resveratrol
444  dissolved in DMSO to a final concentration of 200ug resveratrol/g PDA medium (n = 6 per yeast
445 per treatment), all supplemented with a sterile cellophane disk (NeoLab, Germany) to facilitate
446  sampling the agar without yeast biomass. The plates were incubated for 72 hours at 25°C and 65%
447 relative humidity. A sample of agar was taken from each plate, freeze dried and extracted in
448 methanol following the protocol described earlier.

449 Ultra-high-performance liquid chromatography—electrospray ionization— high resolution mass
450 spectrometry (UHPLC-ESI-HRMS) was performed on the methanol extracts with a Dionex
451 Ultimate 3000 series UHPLC (Thermo Scientific) and a Bruker timsToF mass spectrometer (Bruker
452 Daltonik, Bremen, Germany). The detailed methodology is available in Suppl. File 4. After
453 identification of 3,5-dihydroxybenzoic acid as a unique breakdown product of resveratrol in the agar
454 inoculated with K. capsulata, we repeated the cultivation experiment using this phenolic acid as a
455 supplement to the growth media (Sigma Aldrich, Germany). In brief, 100 pl of liquid yeast culture
456 (W. bisporus, N. holstii, K. molischiana, OD600 = 0.1) were inoculated on PDA amended with 3,5-
457  dihydroxybenzoic acid dissolved in DMSO at a final concentration of 50 ug/ml PDA medium (n =5
458 per yeast) supplemented with a sterile cellophane disk (NeoLab, Germany). The plates were
459 incubated for 5 days at 25°C and 65% relative humidity. A sample of agar was taken from each
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460 plate, freeze dried and extracted in methanol as described earlier. The extracts were used to
461 perform untargeted metabolite analysis as described above.

462

463  Statistical analyses. All statistical analyses were carried out using R version 4.5.1.(44) The
464 behavioral choice assays were analyzed using binomial tests on pooled data. The number of
465 insects choosing each fungus was summed across all trials, and the resulting proportion of
466 individuals selecting the fungus was compared to a null expectation of 0.5. The infection probability
467 in the egg bioassays was estimated using a Kaplan-Meier estimate followed by a log-rank test and
468 a Cox proportional hazards regression with the packages “survival” and “ggsurvfit”.(68,69)
469 Significant differences among treatments in metabolite concentrations, fungal growth area and
470 biomass were assessed with a Kruskal-Wallis rank-sum test using “biostat”.(70) Dunn’s test was
471 used to calculate pairwise comparisons between the sample types using Bonferroni’s correction for
472 multiple sample comparison. Heatmaps were created with the package “pheatmaps”.(71) Plots
473  were created using the package “ggplot2”(72) and edited for improved visualization in Adobe

474 lllustrator version 26.5. Molecular structures were drawn using ChemDraw version 23.1.2.7.
475 lllustrations were created with Biorender.com.
476

477 Data availability. The sequences of the isolates obtained in this study are available in NCBI —
478 accession numbers PZ239427 to PZ239550.

479
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714 Figure 1 | Phylogenetic placement of Ips typographus-associated yeasts. Maximum likelihood
715 phylogeny of the yeast species associated with the bark beetle I. typographus investigated in this
716  study (highlighted in green) based on fungal LSU sequences. The sequences of nine yeast species
717  were generated in this study, while the remaining 28 sequences were retrieved from the NCBI
718 GenBank database. Shimodaira-Hasegawa approximate likelihood ratio test (SH-aLRT) support
719  values (left numbers) and ultrafast bootstrap support values (right numbers) are provided in the
720 phylogenetic placement. The strain identity (NCBI accession number or isolate ID generated in this
721 study) is indicated on the left of the species name. In cases where the isolates were obtained from
722 insect hosts or from decaying wood, the source is indicated with a pictogram.

18


https://doi.org/10.64898/2026.07.04.736475
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.04.736475; this version posted July 6, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

a)
b) Fungus PDA Control No choice
K. capsulata * 13 0
K. molisciana % 12 0
Y. tenuis % 1 1
[] .
E Y. scolyti % 12 0
o -
@ N. holstii % 12 0
W. bisporus 16 1
D. ontarioensis 17 1
T. harzianum 27 * 8
I | I | |
30 15 0 15 30 0 5 10
723 number of beetles

724 Figure 2 | Olfaction-guided preference assays. a) Adult I. typographus were placed in an arena
725  that consisted of a large Petri dish containing two equidistant cups provisioned with either a fungal
726 isolate or a PDA control. Beetles chose between samples guided only by olfactory cues. b) Number
727 of beetles that chose a fungal isolate (blue) or the PDA medium control (yellow). The beetles that
728  did not enter any of the sample-containing cups after 6 hours were recorded as “no choice” (gray).
729 Statistically significant differences are indicated by an asterisk (exact binomial test, p < 0.05, n. s.
730 = not significant, n = 40).
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738 Figure 3 | Confrontation assays: yeasts against the pathogen Trichoderma harzianum. a)
739 Schematic view of the assay setup. A yeast suspension was pipetted on an agar plate forming a
740  straight line crossing the center. A 4 mm plug of T. harzianum culture was placed at one of the
741 ends of the plate. The fungi were co-cultivated for up to two weeks and pictures were taken every
742 day to record fungal growth. b) Confrontation assay results on potato dextrose agar medium (PDA,
743 top row) and rich spruce phloem agar medium (SPA amended with 1% PDA, bottom row). A blue
744  arrow indicates the inoculation line of the yeast and a red arrow the placement of T. harzianum
745 plugs. Yeast species names are shown at the top; those that inhibited T. harzianum growth when
746 growing on SPA (and not when growing on PDA) are enclosed in a red dotted box. T. harzianum
747 inoculated in the absence of yeasts was used as a control, nh = 6 plates.
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751 Figure 4 | Egg infection bioassay. a) Kaplan-Meier estimate of T. harzianum infection probability
752 after 5 days of exposure to a spore suspension of this pathogen. Surface-sterilized I. typographus
753  eggs were randomly assigned to sterile artificial phloem plugs (‘Surface-sterilized’ treatment, red)
754  or phloem plugs inoculated with the yeast Kuraishia capsulata (‘K. capsulata’ treatment, blue).
755 Untreated eggs with their native microbiota were placed on sterile artificial phloem plugs and used
756  asacontrol (‘Control’ treatment, gray). Log-rank test x2 = 11.5, p = 0.003; Cox proportional hazards
757 regression p = 0.002 for the presence of K. capsulata compared to the other treatments; n =18. b)
758 Eggs on natural phloem plugs produced by female I. typographus in the oviposition sites. c)
759 Uninfected and d) Trichoderma-infected egg on an artificial phloem plug, five days post exposure
760  to the pathogen’s spores. Yellow arrows indicate the position of the eggs.
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Figure 5 | Stilbene and phenolic acid content in spruce phloem agar after yeast growth. The
concentration of stilbene glycosides (top row), their aglycones (middle row) and the corresponding
phenolic acids (bottom row) were measured in spruce phloem agar medium five days after

inoculation with |.

typographus-associated yeasts. Non-inoculated spruce phloem agar was

sampled at the start of the experiment (‘Early control’) and after five days of incubation (‘Aged
control’) to be used as a control. Concentrations are shown in nanograms per milligram of dry
weight except for isorhapontin, where the peak area was used instead since no standard was
available for calibration. Different letters indicate significant differences among groups (Kruskal-
Wallis rank-sum test followed by Dunn’s post-hoc test, p < 0.05, n = 6 plates).
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774 Figure 6 | Stilbene and phenolic acid content in the larval galleries and the adjacent phloem
775 at different timepoints after bark beetle infestation. The concentration of stilbene glycosides
776 (top row), their aglycones (middle row) and the corresponding phenolic acids (bottom row) were
777 measured in the larval galleries 14 and 21 days after exposing spruce logs to laboratory-reared I.
778  typographus adults. The unattacked phloem adjacent to the galleries was used as a control.
779 Concentrations are shown in nanograms per milligram of dry weight except for isorhapontin, where
780  the peak area was used instead. Different letters indicate significant differences among groups
781 (Kruskal-Wallis rank-sum test followed by a Tukey post-hoc test, p < 0.05, n = 4-6 galleries).
782
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783

784 Figure 7 | Agar strip assays with different stilbene compound mixes to assess anti-fungal
785 activity. a) Two-centimeter-wide strips were removed from the middle of potato dextrose agar
786 (PDA) plates to create a well. The well was subsequently filled with PDA amended with pure DMSO
787 (2% DMSO, control treatment), a stilbene aglycone mix (piceatannol, resveratrol and
788 isorhapontigenin at 500 ug/g medium each), or a phenolic acid mix (protocatechuic, vanillic, and 4-
789  hydroxybenzoic acids at 500 pg/g medium each). A 4 mm plug of a filamentous fungus culture was
790 placed on one side of the Petri dish and incubated until the mycelium of the control reached the
791 opposite side of the plate, or up to 5 days in case of the slower-growing fungus G. penicillata. A
792  white arrow indicates the location of the agar strip containing the stilbene or phenolic acid
793 treatment. Putative beneficial fungi associated with |. typographus are shown over a blue
794 background. The pathogen T. harzianum is shown over a dark red background for comparison, n
795 = 6 plates. b) Fungal growth area relative to the DMSO control treatment. Different letters indicate
796  significant differences among groups (Kruskal-Wallis rank-sum test followed by a Tukey post-hoc
797  test, p <0.05, n = 6 plates, n.s. = not significant).
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798

799  Fig. 8| Schematic summary of the influence of yeasts on bark beetle-host tree interactions.
800 (1) Norway spruce (P. abies) produces a diverse array of anti-herbivore and antimicrobial defense
801 metabolites, including high levels of terpenoids and phenolic compounds. (2) Bark beetles (l.
802  typographus) have evolved to colonize and feed on spruce despite its ample chemical defenses,
803 occupying a niche where competition with other herbivores is low. One of the adaptations to such
804 a hostile environment is symbiosis with microorganisms. Bark beetles associate with a suite of
805 bacteria (*), yeasts and filamentous fungi, some of which are vectored by the insects into spruce
806 during colonization. (3) Yeasts are among the first microorganisms in the ecological succession
807 that occurs within the beetles’ galleries. |. typographus-associated yeasts have coopted one of
808  spruce’s main defense chemical classes (stilbenes) and utilize them to mediate the growth of the
809 insect’s filamentous fungal partners and inhibit the growth of non-beneficial fungi. Their niche is
810 restricted to the galleries and the beetles themselves. (4) Filamentous fungi that are partners of the
811 beetles typically increase in abundance in the galleries at later stages and colonize tree tissue
812 beyond the limits of the galleries and the phloem. (5) Fungal competitors are challenged by the
813 specialized adaptations of bark beetle symbionts to the trees’ chemistry, and are only late
814  colonizers of the galleries. Once this occurs, the beetles are likely to have completed their life cycle
815 and migrated to a new host, carrying their microbes with them. (*) While bacteria were not part of
816 this study, their roles in the multi-trophic interactions that occur in the galleries are also likely to be
817 relevant for the beetles and their filamentous fungal symbionts (15,18,73).
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