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20 Abstract

21  Symbiotic interactions between microorganisms and social insects have been described as
22  crucia for the maintenance of these multitrophic systems, as observed for the stingless bee
23  Scaptotrigona depilis and the yeast Zygosaccharomyces sp. The larvae of S. depilis ingest
24 funga filaments of Zygosaccharomyces sp. to obtain ergosterol, which is the precursor for
25 the biosynthesis of ecdysteroids that modulate insect metamorphosis. In this work we
26  veified that nutritional fungal symbioses also occur in other species of stingless bees. We
27 analyzed brood cell samples from 19 species of stingless bees collected in Brazil. The
28 osmophilic yeast Zygosaccharomyces spp. was isolated from eight bee species, namely
29 Scaptotrigona  bipuctata, S postica, S tubiba, Tetragona clavipes, Méipona
30 quadrifasciata, M. fasciculata, M. bicolor and Partamona helleri. These yeasts form
31 pseudohyphae and also accumulate ergosterol in lipid droplets, similar to the pattern
32 observed for S depilis. The phylogenetic analyses including various Zygosaccharomyces
33 revealed that strains isolated from the brood cells formed a branch separated from the
34  previously described Zygosaccharomyces species, suggesting that they are new species of

35 thisgenus and reinforcing the symbiotic interaction with the host insects.

36

37 Importance

38 Benefits exchanged in insect—fungus mutualisms include nutrition, protection, and
39 digpersal. Fungal nutritional roles are well described for some eusocial insects, such as
40 fungus growing ants and termites, but smilar interaction in stingless bees was so far

41 observed just in Scaptotrigona depilis. Here we expand the knowledge of yeast-bee
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42 symbiosis by analyzing the presence, cell morphologies, lipid accumulation and
43  phylogenetic relationships of fungi isolated from brood cells and other locations of bee
44  colonies. Zygosaccharomyces isolates were recovered from 42% of the bee species
45  assessed, and probably represent new species showing pseudohyphae formation and lipid
46  accumulation similar to S. depilis associated Zygosaccharomyces strains. The phylogenetic
47  analyses suggested an evolutionary adaptation of Zygosaccharomyces spp. to the brood cell
48  environment to provide nutritional benefits for the developing insect. Stingless bees play
49  important ecosystem services, and our results raise the concern that fungicidal agents used

50 inagriculture could disrupt this symbiosis, impacting bee health.

51

52 Keywords:. stingless bees, fungi, yeast, Zygosaccharomyces, symbiosis, brood cell

53

54  Eusocial insects establish several symbiotic interactions with microorganisms, ranging from
55  obligate mutualisms to specialized parasitism (1, 2). The nutritional benefits provided by
56 fungal mutualists is well described for fungus-growing ants, native to the Neotropics, and
57 termitesfrom Africaand Asia (3). Ants of the subtribe Attina cultivate fungi of the families
58 Agaricaceae and Pterulaceae for food (4). Similarly, termites of the subfamily
59  Macrotermitinae cultivate fungi of the genus Termitomyces, which are not only the main
60 food source but aso provide digestive services (5). Other microbial symbionts also play
61 different roles in such multitrophic interactions, like production of chemical defenses

62 against entomopathogens (1, 2).
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63  Stingless bees (SBs) (Apidae: Apinae: Meliponini) are a monophyletic group of eusocial
64 insects that belong to a larger group of corbiculate bees (6). Meiponini have pantropical
65 distribution and interact with various microorganisms such as bacteria, yeasts, filamentous
66 fungi, and viruses. Indeed, microbial fermentation contributes to important
67 physicochemical characteristics and to the preservation of pollen and honey (7).
68 Interestingly, the benefits provided by a yeast of the genus Zygosaccharomyces for the host
69  Scaptotrigona depilis has been reported as the first example of nutritional symbiosisin SBs.
70  This osmophilic yeast grows inside the brood cells of S. depilis and is eaten by the larvae,
71  anessential process for larval metamorphosis. The fungus accumulates ergosterol, which is
72  used by the developing insect as a precursor for ecdysteroid biosynthesis leading to the
73 proper pupation (8, 9). However, this remarkable interaction had been observed just for one

74 bee species so far, lacking generality among Meliponini (10).

75 This unprecedented finding of a yeast important for the larval development raised the
76  hypothesis that smilar symbiosis might be more spread among SBs. Here, we describe the
77  occurrence of Zygosaccharomyces isolates in the brood cells of different SBs species, as
78 weéll as the phylogenetic relationships and morphological characteristics of these yeasts in

79  comparison with other speciesisolated from other locations in the colonies of SBs.

80 Different nest sites of 19 species of SBs, distributed among 12 genera, were assessed for
81 isolation of fungi, resulting in 32 fungal isolates. Twenty-seven were obtained from brood
82 cdls, while four were isolated from honey and one from cerumen. All isolates had the 26S,
83 18SrRNA gene and ITS regions sequenced, resulting in 23 isolates belonging to the genus
84  Zygosaccharomyces, seven were identified as Monascus spp., one as Xerochrysium sp. and

85 one as Leiothecium sp. (Supplementary Material - Table S1). Fungal filaments were
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86  observed and isolated from the brood cells of eight species of SBsdistributed in four genera
87 and eight species (Scaptotrigona bipuctata, S postica, S. tubiba, Tetragona clavipes,
88 Melipona quadrifasciata, M. fasciculata, M. bicolor, and Partamona helleri). All collected
89 funga filaments were identified as belonging to the genus Zygosaccharomyces,
90 representing 42% incidence rate of Zygosaccharomyces sp. in brood cells of sampled SBs
91 gspecies. Zygosaccharomyces were also isolated from honey of four species and from
92  cerumen of one species (Table S1), while fungal filaments were not observed in the brood
93 cells of 10 SBs species. Samples with low amounts of brood cells and the different larval
94  stages could be limiting factors for the observation of Zygosaccharomyces, in addition to
95 the difficulty of culturing this microorganism in less complex culture media. Fungal
96 filaments were observed in SBs with disk-shaped brood cells structure (Figure S1A and
97 S1C) and alarger diameter, but were not observed in other species with smaller diameters
98 (Figure S1B, S1D and S1E) and cluster-shaped brood cells (Figure S1D and S1E). The size

99  and shape of the brood cells may influence the visibility of the symbiont fungus.

100 Cdl morphologies of Zygosaccharomyces spp. varied according to the site of isolation.
101 Isolates from brood cells form pseudohyphae in glucose-rich culture medium (30 G), while
102 the others have spherical and ovoid cells under the same growth conditions (Figure S2).
103  Pseudohyphae formation can be triggered by low nitrogen levels and is a form of foraging
104 (11). The location of these Zygosaccharomyces strains may be a determining factor in the
105 expression of pseudohyphae. The brood cell is composed of cerumen and larval food, and
106 their composition may vary in nature. Cerumen consists only of waxes and resins (12),
107  while larval food consists of water (40-60%), sugars (5-12%), and free amino acids (0.2-

108 1.3%) (13). These water-soluble components make up to 70% of the larval food
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109 composition. In addition, pollen and lipids are also present (13). This specific environment
110  with high sugar concentration and low nitrogen content may require some adaptation of the
111  microorganisms, such as the formation of pseudohyphae. It is also hypothesized that
112  pseudohyphae are more easily ingested by the larvae since they are present on the surface
113 of the larval food and have long filaments. This particular morphology of these yeasts

114  (Figure 1) could favor the availability and uptake of nutrients for the larval devel opment.

115  Zygosaccharomyces strains from brood cells of different bees showed accumulation of
116 intracellular lipids, as visualized by fluorescence microscopy (Figure 1D). GC-M S analyses
117  of cdl extracts of Zygosaccharomyces spp. confirmed the presence of ergosterol in all the
118 samples (Figure S3), as previously described for Zygosaccharomyces sp. isolated from S.
119  depilis(9), reinforcing the nutritional function of the yeasts for SBslarvae.

120  Zygosaccharomyces strains from the brood cells had the lowest query coverage and identity
121  percentages with species from the Genbank database and may represent new species.
122 Phylogenetic tree from Bayesian analyses using the sequences of the D1/D2 domain of the
123  26S gene was performed on Zygosaccharomyces spp. (Figure 2). A combined phylogeny
124  was aso constructed using a dataset of the 26S and 18S genes (Figure $4). Phylogenies
125 show a branch consisting of Zygosaccharomyces spp. isolated exclusively from the brood
126  cells of different species of SBs. The other lineages of Zygosaccharomyces isolated from
127 different nest sites are phylogenetically distant. The branch consists only of
128  Zygosaccharomyces spp. strains isolated from the brood cells contain Zygosaccharomyces
129  sp. associated with S depilis (9), and is divided into several groups. One group, which is
130 quite clear and distinct from the others, consists of strains of Zygosaccharomyces spp.,

131 isolated from different species of the genus Scaptotrigona, suggesting that these strains
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132 belong to the same yeast species previously described for S. depilis. A second group
133  consists of Zygosaccharomyces strains derived from the brood cells of several bee species
134  of the genus Melipona, as well as the species T. clavipes and P. helleri. In contrast to
135 Scaptotrigona isolates, Zygosaccharomyces spp. isolated from Melipona species probably
136  belong to different species. In turn, Zygosaccharomyces isolates from different colonies of
137 the speciesT. clavipes appear to belong to the same species, since they are closely related.

138  Altogether, our findings suggest a widespread symbiotic relationship between species of
139  Zygosaccharomyces and SBs, and expand the current knowledge about the classical and
140 non-classical mutualisms between fungi and insects (14). Meliponini are important
141  pollinators of native plants and agricultural crops, playing important ecosystem services.
142  Declines in these pollinators are caused by several factors, including deforestation and
143  pesticides used in agriculture. Pesticides can directly affect bees (15), and our results raise
144  the hypothesis that fungicides used in agriculture could disrupt the bee-yeast symbiosis,
145  indirectly affecting SBs health. Further studies are needed to evaluate the toxicity of these
146  compounds in this symbioctic system to help define public policies for rational use of

147  pesticidesin agricultural crops.

148

149 Data availability. The complete data set is presented in the text and the supplemental

150 materidl.
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S. bipunciata

S. tubiba

M. bicolor

T. clavipes

215

216  Figure 1. Images of Zygosaccharomyces spp. isolates from stingless bees S. bipunctata, S.
217  tubiba, M. bicolor, T. clavipes and P. helleri. (A) Fungal filaments present in the brood
218 cdls. (B) Microbial growth in Petri dish (14 days) (C) Optical microscopy images (100x).
219 (D) Fuorescence microscopy images. Stingless bees photography: credit Cristiano

220 Menezes.
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TEBCIN1 (T. clavipes - BCYMN515024)
TEBCVH (T. clavipes - BC)(MN515029)
MQBCJA1 (Melipona quadrifasciata - BC{MT118127)
MOBCJA3 (M. quadrifasciata - BC)(MT118128)
MFBCPA1 (M. fasciculata - BC){MT118129)
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SBBCJA1(Scaptotrigona bipunctata - BC)(MT118121)
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21085l Zygasaccharomyces sapae (LN848102.1)

koD GMHPA1 (Geotrigona mombuca - Honey)(MT118134)

MQHJA1 (M. quadiifasciata - Honey)(MT118135)

UFMG CM Y6371 (Scaptotrigona sp. - Honey)

UFMG CM Y8373 (Scapiotrigona sp. - Polen)

UFMG CM Y8379 (Tetragomisca angustula - Honey)

Zygosaccharomyces osmophilus (MH055520.1)

TEHRP1 (T. cfavipes - Honey)(MT118136)

7ar Zygosaccharomyces gambellarensis (JN874489 1)
74/1.0 Zygosaccharomyces seidelii (MK393753.1)i
AR Zygosaccharomyces favi (JF830782.1)
Zygosaccharomyces machadoi (AF432228 1)

50 g3 Z¥gosaccharomyces parabailii (FJ914602.1)
2811.0| L Zygosaccharomyces pseudobailii {JQ745267.1)
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58—

S8M1.0

Zygotorutaspora florentina (U72165.1)

Saccharomyces cerevisiae (AY048154.1)

Figure 2. Phylogenetic tree from Bayesian analysis based on sequences of the D1/D2
domain of the 26S rRNA gene of Zygosaccharomyces spp. strains isolated from various
stingless bee species (highlighted in bold) and from previousdy described
Zygosaccharomyces species retrieved from GenBank. Strains isolated from brood cells are
highlighted in color, grouped by stingless bee genera. Numbers on branches indicate
PP/ML bootstrap values of support for each clade. A total of 540 aligned positions were

analyzed. The scale bar represents 0.01 substitutions per nucleotide position. BC: Brood
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