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Identification of Zygosaccharomyces yeasts isolated from honeybee
environment
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ABSTRACT

While the bee microbiome has been relatively well studied at the bacterial level, information about the bee fungal
communities is still sparse and does not reflect their importance. From the bee larvae of honey bee (Apis mellifera), bee
bread and a mix of corbicular pollen, twenty yeast isolates belonging to the genus Zygosaccharomyces were obtained.
Based on the D1/D2 region sequencing, the yeast isolates were identified as Z. rouxii (larvae), Z. favi (bee bread) and Z.
mellis (mix of corbicular pollen). For the specific PCR-based detection of the most abundant yeast Z. rouxii, two species-
specific primer pairs targeting the ITS region were designed. Because yeasts and their metabolites can play an important
role in bee development, further investigation was focused on the production of ergosterol, an ecdysone precursor.
HPLC detection of ergosterols was used and it has been found that ergosterol levels are highly variable across the
monitored species and isolates and do not correlate with biomass production. The highest production of ergosterol in
the Z. rouxii isolate was 6.2 mg/g dry biomass, in Z. mellis 2.3 mg/g dry biomass.

Keywords: Apis mellifera, bee-associated microorganisms, molecular identification, ergosterol

ABSTRAKT

Bakterialni ¢ast véeliho mikrobiomu jiz byla relativné zna¢né prostudovana, oviem informace tykajici se spolecenstvi
hub doprovazejicich véely jsou ndhodné a neodrazeji jejich dlilezitost. Z larev véely medonosné (Apis mellifera), plastového
pylu a smési rouskového pylu bylo ziskano dvacet izolat(i patricich do rodu Zygosaccharomyces.Na zékladé sekvenovani
oblasti D1/D2 byly izolaty identifikovany jako Z. rouxii (larvy), Z. favi (plastovy pyl) a Z. mellis (smé&s rouskového pylu).
Pro specifickou PCR detekci nejpocetnéjsiho druhu kvasinky Z. rouxii byly navrzeny dva druhové-specifické primery
zamérujici se na ITS oblasti. Protoze kvasinky a jejich metabolity mohou hrat vyznamnou roli ve vyvoji vCel, dalsi zaméreni
bylo na produkci ergosterolu, prekursoru hormonu ekdyson. Byla pouzita HPLC detekce ergosterolu, kterd prokazala
vysokou variabilitu obsahu ergosterolu mezi jednotlivymi druhy a izolaty a zaroven obsah ergosterolu nekoreloval s
produkci biomasy. Nejvyssi produkce biomasy byla u izolatu Z. rouxii (6,2 mg/g susiny), v pfipadé Z. mellis pak 2,3 mg/g
susiny.

Klicova slova: Apis mellifera, vceli mikroorganismy, molekularni identifikace, ergosterol
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INTRODUCTION

Honey bees (Apis mellifera) are an important part of
the biosphere, and as pollinators, they are involved in
the pollination of many wild plants and agriculturally
important crops. However, in recent years, a significant
decrease in honey bee colonies has been reported.
Mainly due to increased pressure of stressors, a number
of diseases and pesticides (Gill et al., 2012; McMenamin
et al., 2018; Hristov et al., 2020). Recent studies highlight
the great importance of bee-associated microorganisms
found in the hive environment (Sacca and Manici,
2021; Vocadlova et al., 2023). The examination of bee
microbiomes may therefore offer an interesting view of

bee immunity (Raymann and Moran, 2018).

Compared to the large number of bacteria, the
intestinal microflora of bees contains less than 1% of
yeasts and fungi from the whole microbiome (Tauber et
al., 2019). Not only are those present in the microbiome,
but yeasts and fungi are also present in the bee bread
(Detry et al.,, 2020). While the microbiome of bees
has been relatively well studied at the bacterial level,
information on the occurrence of fungi and yeasts in hives
is not very common and relates practically only to floristic
data. Information on the role of these microorganisms
in the development and functioning of the bee colony
is not yet available. According to current research,
fungi are important, especially in the early stages of
bee development (Menezes et al., 2015). They are an
important source of ergosterol for larvae, which they
cannot produce on their own (Paludo et al., 2018). Paludo
et al. (2018) in a study on a larval model of the stingless
bee Scaptotrigona depilis demonstrated that ergosterol is
an initial component in the production of ecdysteroids,
which are key hormones that control the transformation
of immature stages of bees to adults.

The spectrum of ecdysteroids varies in different
insect species, depending on the sterol substrate and the
enzymatic apparatus (Lavrynenko et al., 2015). While the
metabolic pathway of C_, 20E, one of the most important
ecdysteroids, begins with cholesterol (Huang et al., 2008),
honey bees cannot use this biosynthetic pathway because

they are unable to produce cholesterol (Clark and Bloch,
1959). Honey bees use the main hormone C,, ecdysteroid
MaA, makisterone A, which is synthesized from the plant
steroid campesterol (Feldlaufer et al., 1985).

The dependence of S. depilis larvae on the supply
of sterols by the yeast Zygosaccharomyces shows the
importance of the link between the bees and associated
microbiota. Yeasts from the genus Zygosaccharomyces
have been previously isolated from other bees, mainly
bumblebees (Dharampal et al., 2020), honey bees (Yun et
al., 2018) and other stingless bees (Rosa and Lachance,
2005), but their role has not yet been explained and
clarified. Thus, other similar cases of symbiosis between
fungi and other bees are likely to be discovered (Paludo
et al., 2018).

This study was focused on yeasts of the genus
Zygosaccharomyces associated with honey bees, Apis
mellifera. The aim of this study was the isolation and
molecular characterization of Zygosaccharomyces yeast
and the determination of ergosterol production in the
yeast isolates. A better understanding of the importance
of yeasts in the honey bee development can help to design
an optimal diet, enhancing the fitness, performance and
productivity of the bee colony.

MATERIAL AND METHODS
Yeast isolation

Larvae, bee bread and mix of corbicular pollen were
aseptically collected in Kamenny Malikov, Czech Repubilic,
during 2019. Samples were homogenized in saline
solution with 1% Tween 80 (Sigma-Aldrich, Missouri,
USA) and aseptically plated on a selective medium for
high osmophilic yeasts (glucose agar with 30% (30G)
and 50% (50G) of glucose). Medium consisted of (g/l):
glucose (300/500), yeast extract (30), malt extract (30),
agar (20), pH 6.0. Cultures representing each colony type
were isolated and purified by repeated streaking on 30G
media. The plates were incubated at 28 °C for 7 days. As
a reference strain, Saccharomyces cerevisiae CCDM 275
(CCDM Laktoflora®, Czech Republic) was used.
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Molecular characterization

DNA was extracted from isolated yeasts based
on the protocol published by Harju et al. (2004) and
quantified using BioSpec-nano (Shimadzu, Nakagyo-ku,
Kyoto, Japan). Samples were stored in -20 °C until use.
For the molecular characterization, the ITS region was
to be used, but due to difficulties discussed further,
the D1/D2 domain was used instead. The ITS regions
of some Z rouxii isolates were amplified by using
primers ITS1 (5"-TCCGTAGGTGAACCTGCGG) and ITS4
(5°-TCCTCCGCTTATTGATATGC) (White et al. 1990). The
D1/D2 domains of all isolates were amplified by using
primers NL-1 (5-GCATATCAATAAGCGGAGGAAAAG)
and NL-4 (5-GGTCCGTGTTTCAAGACGG) (Kurtzman
and Robnett,1997. Amplicons were sequenced by a
commercial sequencing facility, SEQme, Czech Republic
(https:/www.segme.eu).

The PCR amplification was performed identically for
both reactions in the total volume of 20 pl consisted of:
10 pl Gotag® Green Master Mix (Promega, Madison, WI,
USA), 6 pl PCR-grade Water, 1 ul primers (10 pmol/ul)
each and 2 ul DNA (50 ng/ul). The temperature profile
of the PCR reaction for ITS region amplification was as
follows: the initial denaturation for 2 min at 95 °C, 30
cycles: 45 s at 95 °C, 45 s at 53 °C and 1 min at 72 °C
and termination with a final extension step of 7 min at
72 °C. The PCR reaction for D1/D2 domain amplification
was as follows: the initial denaturation of 3 min at 94 °C,
30 cycles: 1 min at 94 °C, 1 min at 58.5 °C and 1 min at
72 °C and termination with a final extension step of 5
min at 72 °C. The PCR products were visualized by 1%
agarose gel electrophoresis and stained with ethidium
Darmstadt,
Germany). Prior to sequencing, PCR products were

bromide solution (Merck Life Science,
purified using ExoSAP-IT™ (Applied Biosystems, supplied
by ThermoFisher Scientific, Loughborough, UK) according
to the manufacturer’s instructions.

The obtained sequencing records were processed in
the software Geneious 8.1.9. (https:/www.geneious.com)

and then compared to the GenBank sequence database

using the BLAST® database search program (Zhang et
al., 2000). Sequencing the ITS region in selected samples
resulted in unreadable chromatograms, and it was not
possible to accurately identify the yeast species based on
its DNA sequence. For this reason, the ITS PCR fragments
were clonedintothe pCR-XL-2-TOPO™vector(Invitrogen,
supplied by ThermoFisher Scientific, Loughborough, UK)
according to the manufacturer’s instructions. Plasmid
DNAwas isolated and purified for subsequent sequencing
by using Roti®-Prep Plasmid Mini (Carl Roth GmbH,
Karlsruhe, Germany). The plasmids were sequenced by a
commercial sequencing facility SEQme, Czech Republic
(https:/www.segme.eu) using universal sequencing
primers M13F (5 -TGTAAAACGACGGCCAGT) and M13R
(5"CAGGAAACAGCTATGACC). The obtained sequencing

records were processed as previously described. Based on

the alighment of four sequences of the cloned ITS region,
which was created in Geneious 8.1.9. (https:/www.
geneious.com), new primers in this region were designed
in Primer3 (Koressaar et al., 2018). Their specificity was
verified with Primer-BLAST (Ye et al., 2012) and in PCR
experiments. PCR experiments were first run with all
twenty isolates and then with reference strains of Z. rouxii
CCDM 276, Z. bailii CCDM 2041, S. cerevisiae CCDM 275
and S. cerevisiae CCDM 2001.

Content of ergosterol

To determine the concentration of ergosterol in the
isolates, all samples cultivated in 30G media were first
pre-screened (data are not part of the publication).
Then, based on the production of this metabolite, two
samples with the highest production were selected. The
production of ergosterol in these isolates was measured
in duplicates and compared in two different media - 30G
and YEPD (30G medium consisted of (g/l): glucose (300),
yeast extract (30) and malt extract (30), pH 6; YEPD
medium consisted of (g/l): peptone (20), yeast extract
(10), dextrose (20), pH 6.5. The comparison of ergosterol
production was also performed with the reference strain
CCDM 275 (Saccharomyces cerevisiae).
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The obtained isolates of Zygosaccharomyces and
the reference Saccharomyces strain CCDM 275 were
cultivated in submersion conditions. The cultivation
medium was prepared as follows: 50 ml of 30G/YEPD
medium in a 250 ml Erlenmeyer flask was inoculated
with a small amount of cells from one-week-old cultures
and incubated at 30 °C, 180 rpm for 48 hours. After two
days, the medium was centrifuged (12,000 g) and the
supernatant was discarded. The sediment was dried out
at 105 °C for 6 hours and weighed. The dried biomass
was extracted with 10 ml of methanol, sonicated (570
H Elmasonic, Elma, Germany) for 20 minutes, and left
overnight at room temperature. Prior to analysis, the
sample was filtered through a 45 um filter.

The content of ergosterol was measured by HPLC
(Shimadzu, Nakagyo-ku, Kyoto, Japan) using C18, 250 x
4.6 mm, 5 um column at 210 nm with UV-VIS detector.
The mobile phase was a) H,PO,, pH 3 with b) methanol
in ratio a:b = 1:99, isocratic, flow 1ml/min and injection
volume 10 ul. As standard solutions, ergosterol and
cholesterol (Sigma-Aldrich, Missouri, USA) were prepared.
The standard solutions were measured under the same
conditions. Run time of the analysis was 20 minutes with
retention time (RT) of ergosterol 11.8 minutes and RT for
cholesterol 14.2 minutes.

The ergosterol concentration in the samples was
evaluated according to the calibration curve in the
LabSolutions program (Shimadzu, Nakagyo-ku, Kyoto,
Japan). The presence of cholesterol was, due to the
nature of the sample, not expected.

RESULTS AND DISCUSSION

Isolation and molecular characterization

A total of twenty isolates were obtained by culturing
samples of honey bee larvae, bee bread and a mix of
corbicular pollen on the high glucose media. Medium
50G was used in the initial step as selective media for the
isolation of osmophilic microorganisms. The medium was
used as an alternative to the concentration of glucose
in honey, which is on average around 30 % (Bogdanov
et al., 2008), and to “simulate” the osmotic pressure in

cultivation medium, as Z. rouxii and Z. mellis belong to the
group of osmophilic yeasts (Munitis et al., 1976; Cadez
et al., 2015). However, the yeast grew very slowly under
these highly selective conditions and formed very small
colonies. Therefore, for further passage and cultivation,
the 30G medium, which is more in line with the glucose

concentration of honey, was used.

For precise identification, the isolates obtained were
subjected to molecular analysis. For these purposes,
amplification and sequencing of the ITS region of
ribosomal DNA is very often used (Pincus et al., 2007;
Walters et al., 2015), but due to difficulties discussed
further, the D1/D2 domain was used instead. These
domains are also often used for the identification of
microorganisms and can overcome the bias caused by
insufficient polymorphism of ITS regions (Caporaso et
al., 2012; Gilbert et al,, 2014; Abellan-Schneader et
al., 2021). The list of isolated samples, as well as their
characteristics, is shown in Table 1.

ITS region and D1/D2 domain sequencing

Based on the sequencing of the D1/D2 domain, it
was possible to determine all yeast isolates to the species
level. The similarity of Z. rouxii and Z. favi isolates with
GenBank reached 100 %, and the similarity of Z. mellis
reached 99.82 %. Sequences were grouped according to
the species: Z. rouxii (17 isolates from bee larvae), Z. favi
(two isolates from bee bread) and Z. mellis (one isolate
from a mix of corbicular pollen).

The D1/D2 domain has been used for yeast
characterization long before the concept of DNA
barcoding (Scorzetti et al., 2002; Hebert et al., 2003).
Although the D1/D2 domain is sufficient for the yeast
characterization on species level sufficient as suggested
by Kurtzman and Robnett (1998) and Fell et al. (2000),
they also recommended using more markers to get better
results, especially for closely related species. Nevertheless,
some studies on Zygosaccharomyces use a combination of
the ITS region and D1/D2 domain (Detry et al., 2020),
some of them use either the D1/D2 domain (Liu et al.,
2016) or the ITS fragment (Yun et al., 2018) alone.
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Table 1. Identification of the yeast isolates based on the D1/D2 domain of 26S rDNA

No. Source Identity (%) Species based on the sequence GenBank ID
1-17 Larvae 100 Z. rouxii MK341570.1
18-19 Bee bread 100 Z. favi KJ825951.1

20 The mix of corbicular pollen 99.82 Z. mellis KC692234.1

The ITS region is the official barcode for fungal
identification (Snosch et al., 2012). However, in this study,
characterization based on the ITS region alone would not
be sufficient. The obtained sequences of the ITS region did
not reach an adequate quality for characterization, even
after purification of the yeast culture and modification of
the PCR cycle. The reason for the ITS characterization
failure was dual and multiple peaks on the chromatograms
(Figure 1), probably due to the presence of different ITS
copies as described earlier for Zygosaccharomyces species
by Solieri et al. (2007), Saksinchai et al. (2012) and Cade?
et al. (2015).
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Egli and Henick-Kling (2001) proposed cloning prior
to sequencing as the only solution to this problem. The
mentioned solution was applied by Cade? et al. (2015)
and was also used in this study. To test the method, ITS
amplicons were cloned from two samples (No. 1 and No.
2) into the pCR-XL-2-TOPO™ vector. As a result, high-
quality full-length sequences were obtained (Figure
1). Alignment of these samples’ sequences served as
a template for designing new primers to facilitate the
characterization of the isolates as described earlier by
Maleita et al. (2021), who followed a similar procedure.
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Figure 1. Comparison of the obtained sequences ITS1 primer sequencing (top) and M13F primer sequencing (bottom) after molec-

ular cloning

JOURNAL

Central European Agriculture
ISSN 1332-9049

309


https://doi.org/10.5513/JCEA01/26.2.4222

Original scientific paper

DOI: /10.5513/JCEAQ1/26.2.4222

Javirkova et al.: Identification of Zygosaccharomyces yeasts isolated from honeybee environment...

Primers design

Based on the sequence analysis and the consensus of
four plasmid DNA records with the cloned ITS region of
Z. rouxii, two primer pairs were designed. Their names,
orientations, sequences, and annealing temperatures (TA)
used for the PCR amplification are listed in Table 2.

The PCR amplification was performed similarly to the
one for ITS and D1/D2 domain with different annealing
temperatures (mentioned in Table 2). Both primer pairs
ZrxA and ZrxB specifically amplified only Z. rouxii samples
(Figure 2). Amplicon sequencing was performed with
selected samples to verify the specificity of the primers,
and all Z. rouxii samples were identified in accordance
with the D1/D2 domain sequencing results.

Confirmation of primer specificity was also successful
with reference strains (Figure 3), these making designed
primers optimal for the specific determination of Z. rouxii.

Table 2. Sequence of new primers

Ergosterol production by Zygosaccharomyces isolates

The concentration of ergosterol in yeasts was
measured using HPLC. No cholesterol concentration was
measured, which, as expected, is consistent with bees not

being able to produce cholesterol (Clark and Bloch, 1959).

Preliminary screening revealed the highest ergosterol
concentration in Z. mellis and one isolate of Z. rouxii. The
production of these species was further measured with
the reference Saccharomyces cerevisiae strain CCDM 275
in a comparative measurement (Table 3). Z. favi was not
growing in submersion under the same conditions as Z
mellis and Z. rouxii, and no data are mentioned below.

Cultivation of Zygosaccharomyces isolates confirmed
that biomass production in 30G medium was higher than
in YEPD medium, and the increase in biomass was also
matched by higher ergosterol production.

Primer name Orientation Sequence 5°-3° TA [°C]
ZRxA_F Forward GCAAGGCCTGCGCTTAATTG 59.5
ZRxA_R Reverse CCTCTTCACTTTCGCCGAGT 59.5
ZRxB_F Forward CGCATCGATGAAGAACGCAG 58.5
ZRxB_R Reverse CCTCTTCACTTTCGCCGAGT 58.5

No. 1-17

500 bp
> O e D S D D D S S S S - S W e

Figure 2. lllustrative output of the PCR amplification with primers ZRxA (approximately 500 bp amplicons). Positive results were
shown with samples No. 1-17 (Z. rouxii), no results obtained with No. 18-19 (Z. favi) and No. 20 (Z. mellis) samples. NC - negative

control
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Figure 3. lllustrative output of the PCR amplification with primers ZRxA (approximately 500 bp amplicons). NC - negative control;
1 - Z rouxii No. 7; 2 - Z. rouxii CCDM 276; 3 - Z. mellis No. 20; 4 - Z. bailii CCDM 2041; 5 - Z. favi No. 18; 6 - S. cerevisiae CCDM 275;
7 - S. cerevisiae CCDM 2001

This is evident from the comparison of the obtained
results - the ergosterol content in YEPD medium
was quite the same for both species (2.1 mg/g in case
of Z. mellis and 1.8 mg/g in case of Z. rouxii), as well as
the biomass production (5.2 mg/ml in case of Z. mellis
and 3.4 mg/ml in case of Z. rouxii). Different behaviour
of Zygosaccharomyces isolates was observed on 30G
medium. Compared to YEPD medium, the biomass
production on the 30G medium was significantly
increased (biomass production in Z. rouxii increased to 13
mg/ml and in Z. mellis it reached 14.3 mg/ml), comparable
for both species, and the two species were fundamentally

different in ergosterol production (6.2 mg/g in dry

biomass of Z. rouxii (nearly 3x) and 2.3 mg/g of Z. mellis
(nearly 1.5x). Since 30G medium simulates the natural
food source for osmophilic yeasts, it can be assumed that
similar growth intensities and sterol production will occur
in their natural environment of the beehive. Production
of sterols (as an ergosterol) by two strains of Z. rouxii was
analyzed in studies of Ushio et al. (1991). The level of
ergosterol in the wild strain was 2.9 mg/ g of dry biomass
and 4 mg/g of dry biomass in the mutant strain. This is
comparable with the obtained results, although the high
glucose medium reached a concentration reached 6.2

mg/g of dry biomass in analyzed isolate Z. rouxii.

Table 3. Production of dry biomass and ergosterol in different media

Isolate Medium Dry biomass [mg/ml] Ergosterol in dry biomass [mg/g]
Z. rouxii No. 2 YEPD 5.2 2.1
30G 13.0 6.2
Z. mellis No. 20 YEPD 34 1.8
30G 14.3 2.3
S. cerevisiae CCDM 275 YEPD 3.2 0
30G no growth -
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The comparative measurement consisted of comparing
selected isolates for ergosterol production in different
cultivation media. However, culturing in 30G medium
was not optimal for S. cerevisiae, resulting in complete
suppression of growth. Glucose rich 30G medium is
suitable for cultivation of osmophilic yeasts and not for
S. cerevisiae. Biomass yields comparable to the species
of the genus Zygosaccharomyces were obtained in YEPD
medium (as a complex rich medium for yeast cultivation),
but without the detected production of ergosterol. The
absence of ergosterol was unexpected and could be
caused by the way of extraction (methanol extraction
without modification to alkaline or acidic pH). About 2 %
of ergosterol from S. cerevisiae dry biomass was reported
by Nahlik et al. (2017). Although they used UV mutated
S. cerevisiae and performed alkaline hydrolysis of cells.
Production of about 0,1 % reported by Tan et al. (2003),
who also performed alkaline hydrolysis.

Paludo et al. (2018) reported that ergosterol is
an important source of sterols for S. depilis, and such
ergosterol comes from Zygosaccharomyces sp. cells
growing as a pseudomycelium inside the brood cells. They
also described the possibility of bee-Zygosaccharomyces
symbiosis existence. Furthermore, Zygosaccharomyces sp.
are also found inside the honey bee worker and queen gut
as an abundant part of the microbiota (Yun et al., 2018).
Since those species were found in honey bee larvae and
also in bee bread and mix of corbicular pollen is therefore
expected, and as was also described by Hosono (1992), it
will produce ergosterol. The variability in the production
of obtained isolates of Z. rouxii may be associated with its
susceptibility to different stressors, such as glucose and
NaCl, due to its osmotolerant and halotolerant nature.
Song et al. (2022) mention that these factors highlight the
functional differences in ergosterol under sugar stress.

CONCLUSIONS

Twenty yeast isolates from different honey bee
environments were identified. The most frequently
isolated species was Zygosaccharomyces rouxii from

larvae, while Z. mellis and Z. favi were predominantly found

in bee bread and mixed corbicular pollen, respectively.
Because of its importance, ergosterol production of
Z. rouxii and Z. mellis was evaluated in different culture
media. It is evident that the ergosterol production is
dependent on the genotype of the producer. Similarly,
the culture medium significantly affects the production
of ergosterol. Among the tested media, YEPD provided
comparable results of both biomass and ergosterol
production. Notably, Z. rouxii exhibited nearly a threefold
increase in ergosterol production when cultured in 30G
medium, while Z. mellis showed a mild increase under the
same conditions. Considering that these media simulate
aspects of the beehive, it can be assumed that the yeast-
derived ergosterol might be produced and furthermore
utilized by the honey bee brood under natural conditions.
This study is a first step in a better understanding of the
importance of ergosterol-producing Zygosaccharomyces
associated with honey bees. Further research will focus
on elucidating the potential utilization of yeast-derived
ergosterol by developing honey bee larvae.
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