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Abstract

Dry hopping, a popular technique in modern craft brewing, introduces non-sterile hop material that may act as a source of microor-
ganisms. Although beer is generally considered microbiologically stable, recent findings indicate that hops can harbour viable fungal
and bacterial strains with potential effects on beer quality and hop creep enzymes. We investigated the fungal DNA reservoir of com-
mercial hop pellets and its transfer into beer during dry hopping. Using ITS2 metabarcoding, we characterized fungal communities
in hop pellets, pre-hopping beer, and dry-hopped beer, complemented by untargeted volatile profiling (HS-SPME-GCMS). Hop pellets
contained diverse fungal assemblages dominated by common foliar endophytes. Several yeast genera of fermentative or spoilage
relevance were also detected, including Saccharomyces, Wickerhamomyces, Rhodotorula, and Debaryomyces. While most taxa were found
only in hops, four genera (Wickerhamomyces, Vishniacozyma, Bipolaris, and Curvularia) were additionally found in dry-hopped beer but
absent from pre-hopping samples, indicating transfer from hops. Metabolomic screening revealed that, besides enrichment of hop-
derived metabolites, dry hopping induced shifts in volatile profiles through increases in ethyl esters, higher alcohols, and short-chain
fatty acids. Our results demonstrate that commercial hop pellets carry diverse fungal assemblages and that their DNA is detectable

in beer after dry hopping, together with aroma shifts consistent with microbial or enzymatic activity.
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Introduction

The female inflorescences of hop (Humulus lupulus L.) have been
a defining component of brewing for centuries, valued not only
for their bittering and aromatic properties but also for their an-
timicrobial effects that enhance beer stability (Behre 1999, Alma-
guer et al. 2014). In recent decades, the craft beer movement and
the emergence of hop-forward styles such as New England IPAs
have led to the widespread practice of dry hopping, in which el-
evated hop dosages are introduced without prior boiling, during
or after fermentation, to maximize aroma retention (Kirkpatrick
and Shellhammer 2018, Young et al. 2023). This practice intro-
duces unsterilized plant tissue into the fermenter, raising ques-
tions about whether hops may serve as a vector for microbial en-
try into the beer matrix.

Beer is widely considered a hostile environment for microbes
due to its low pH, ethanol content, high CO; levels, and the limited
availability of oxygen and nutrients (Sakamoto and Konings 2003).
In contrast, studies have shown that hop cones are colonized
by diverse microbial communities, including bacteria and fungi,
some of which can survive the hop processing steps such as dry-
ing and pelletization (Allen et al. 2019, Krofta et al. 2021, Cottrell
2023, Rehorska et al. 2024). Similarly to the above-ground tissues
of other plant species, the floral microbiome, i.e. anthosphere, of

cultivated hops is dominated by Pseudomonas and Sphingomonas
spp., while Methylobacterium, Rickettsia, Xanthomonas, and mem-
bers of Oxalobacteriaceae also contribute to the microbial reservoir
(Allen et al. 2019). In addition, based on a culture-dependent ap-
proach, endophytic fungi of Alternaria, Epicoccum, Fusarium, and
Botrytis have been documented within hop tissues (Riccioni et al.
2025). A recent work has also highlighted that wild-growing hops
harbour diverse yeast and yeast-like fungi, including genera such
as Rhodotorula, Papiliotrema, Hanseniaspora, and Wickerhamomyces,
some of which are known for their fermentative or biotransforma-
tion potential (Rehorska et al. 2024). These findings suggest that
hops may introduce not only metabolites but also potentially vi-
able microbes into beer during dry hopping, with possible impli-
cations for its sensory properties. The metabolic activity of hop-
associated microorganisms has also been linked to the so-called
“hop creep,” an industrially relevant refermentation phenomenon
occasionally observed in dry-hopped beers and traditionally at-
tributed to hop-derived enzymes (Janicki et al. 1941, Bruner et al.
2020, Stokholm et al. 2020, Cottrell 2023).

Despite the growing recognition of the hop microbiome, most
studies so far have focused on bacterial or culture-dependent ap-
proaches, while culture-independent profiling of fungal commu-
nities remains limited (e.g. Allen et al. 2019, Krofta et al. 2021, Cot-
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trell 2023). This gap is striking considering the extensive diversity
of hop cultivars currently used in brewing. Hundreds of varieties
are commercially available (Castro et al. 2021), each selected for
unique aromatic and chemical profiles, and many are employed
in dry hopping (Gomes et al. 2022). Since the plant’s secondary
metabolite composition can shape its associated microbiota (Ja-
coby et al. 2021, Pang et al. 2021, Koprivova and Kopriva 2022),
varietal differences are likely to influence hop-associated fungal
assemblages, with potential implications for beer quality and sta-
bility. Nevertheless, how these varietal differences influence the
structure and diversity of hop-associated fungal communities re-
mains largely unknown. Here, we investigated whether fungal
DNA originating from hop pellets can be detected in beer follow-
ing dry hopping. Using ITS2 metabarcoding, we compared fungal
community profiles of pre-hopping beer, dry-hopped beer, and the
hop pellets themselves. To complement the DNA-based approach,
we conducted untargeted metabolomic screening (GCMS) to com-
pare pre-hopping beer and dry-hopped beer, aiming to detect not
only changes attributable to dry hopping but also shifts suggestive
of microbial activity. Together, these analyses provide new insights
into the potential role of hop-associated fungi in beer microbiol-
ogy, particularly in relation to their transfer from hops into beer
during dry hopping.

Materials and methods

Beer samples

Beer and hop pellet samples were obtained from two Hungarian
craft breweries that regularly produce a range of unfiltered and
unpasteurized dry-hopped beers. The first set of samples origi-
nated from a top-fermented, unfiltered, and unpasteurized Ses-
sion IPA produced in a 5000-L fermentation vessel. Dry hopping
was carried out using a HopMaster device (Ziptech, Miskolc, Hun-
gary), designed for dry hopping and flavour additions (e.g. fruits,
spices). This system ensures an extended contact surface between
the beer and hops and can be operated with both pelletized and
whole-cone hops. Transfer of the beer between the fermenter and
the HopMaster unit was achieved by overpressure circulation. For
dry hopping, 10-10 kg commercial hop pellets of Simcoe and Citra
were used in the time of cold crash for 5 days, during which the
beer was continuously recirculated through the hop pellets.

The second set of samples derived from a bottom-fermented,
unfiltered, and unpasteurized Lager brewed on a 35-L system. Dry
hopping in this case was also performed with a HopMaster for 3
days using 35 g of Citra at 15°C until cold crash. The two breweries
obtained the hop pellets from three different manufacturers. In
both breweries, dry hopping was conducted after fermentation.

Sampling was conducted in two phases. Pre-hopping samples
were collected from the beer immediately prior to the initiation of
dry hopping, and simultaneously from the hop pellets using ster-
ile tools. For both the fermenters and the hop bags, five technical
replicates were obtained. At the end of the dry hopping process,
the hops were removed, and dry-hopped samples were collected
after 2 days, before bottling. All samples were stored at —80°C un-
til DNA extraction.

Metagenomic DNA extraction and sequencing

For DNA extraction, hop pellets were lyophilized and ground into
a fine powder. Beer samples were centrifuged at 12 000 rpm for
20 min, the resulting supernatant was carefully discarded, and
DNA was extracted from the resulting pellet. DNA from both hops
and beer samples was isolated using the DNeasy Plant Mini Kit

(Qiagen, Germany) according to the manufacturer’s instructions.
DNA concentration was estimated for each sample using a Nan-
oDrop 2000 spectrophotometer, and extracts were stored at —20°C
prior to sequencing.

For fungal community profiling, the fungal nrtDNA internal
transcribed spacer 2 (ITS2) region was amplified using the primer
pair of fITS7 (Thrmark et al. 2012) and ITS4 (White et al. 1989), each
appended with Illumina adapters (Illumina, San Diego, CA, USA).
Polymerase chain reactions were performed in 25 uL volumes and
contained 2x KAPA HiFi HotStart ReadyMix, 0.5 uM of each primer,
and ~10 ng of template DNA, with cycling conditions of 95°C for
3 min, followed by 25-32 cycles of 95°C for 30 s, 56°C for 30 s,
and 72°C for 30 s, and a final extension at 72°C for 5 min. Ampli-
cons were indexed with Nextera™ DNA CD Indexes (Illumina, San
Diego, CA, USA), purified with AMPure XP beads (Beckman Coulter,
Brea, CA, USA), quantified by Qubit dsDNA HS Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA), and pooled equimolarly. Li-
brary quality was verified on an Agilent 2100 Bioanalyzer with a
High Sensitivity DNA Kit (Agilent Technologies, Santa Clara, CA,
USA). Sequencing was performed on an Illumina MiSeq platform
with MiSeq Reagent Kit v2 generating 250 bp paired-end reads (Il-
lumina, San Diego, CA, USA). All procedures were conducted at
Eurofins Biomi Kft. (G6d6l116, Hungary) according to Illumina stan-
dard amplicon protocols.

HS-SPME-GCMS analysis

Volatile organic constituents of the beer samples were anal-
ysed by headspace solid-phase microextraction coupled with gas
chromatography-mass spectrometry (HS-SPME-GCMS). Measure-
ments were carried out on a QP2010s GCMS system (SHIMADZU
Corp., Kyoto, Japan), equipped with a Gerstel Multi-Purpose Sam-
pler (Gerstel, Milheim an der Ruhr, Germany), thermal desorp-
tion unit (TDU), and cryogenically cooled injector (CIS4). For each
sample, 10 mL of beer and 3 g NaCl were sealed in a 20 mL screw-
cap headspace vial. Samples were incubated at 40°C with agi-
tation at 500 rpm for 20 min, followed by HS-SPME extraction
under identical conditions for 20 min. The fibre used (Supelco,
Bellefonte, PA, USA) was coated with divinylbenzene-carboxen-
polydimethylsiloxane 50/30 um (DVB/CAR/PDMS) which was ther-
mally desorbed in the TDU at 250°C for 240 s in splitless mode with
a transfer time of 4 min. The injector temperature was initially
maintained at -30°C for 4 min, then increased to 300°C at 12°C/s
and held for 3 min in splitless mode. Chromatographic separation
was performed on an Agilent VF-WAXms column (60 m x 0.25 mm
i.d., 0.25 um film thickness) using helium (6.0) as the carrier gas
at a constant flow of 1.0 mL/min. The oven temperature program
was as follows: 40°C for 12 min, ramped to 70°C at 3°C/min, and
furtherincreased to 240°C at 5°C/min. Mass spectra were acquired
in scan mode over an m/z range of 50-300.

Data processing

Raw sequence data were processed using the dada?2 pipeline (ver-
sion 1.26.0) implemented in R (Callahan et al. 2016), constructing
amplicon sequence variants (ASVs). Based on quality score pro-
files, forward and reverse reads were truncated at 240 and 210 bp,
respectively. Reads exceeding a maximum expected error (maxEE)
threshold of two were discarded. Subsequent steps included de-
noizing of individual reads, merging of paired-end reads, removal
of chimeric sequences, and generation of an ASV abundance table.
Taxonomic classification of representative ASVs was performed
using vsearch (version 2.29.9) (Rognes et al. 2016) against the

920z Aienigad /| uo Jasn AsioAlun YInos [enuad Aq 6¥99/€8/8E LIBUY/RISWYEB0L 0 |/10P/aIOILE/S|SWS}/WO09"dNO"D1WSPEDE//:SA)Y WO} PAPEOjUMOQ



UNITE fungal ITS reference database [25], retaining only assign-
ments exceeding a threshold of 97%.

Data files resulted from GCMS analysis were converted to a
non-vendor specific NetCDF format by the GCMS's data pro-
cessing software (GCMSSolution, Shimadzu) and resulting .CDF
files were converted to an Agilent file format .D to analyse in
the software Profinder 10 (Agilent Technologies, Santa Clara,
CA, USA). Profinders Batch Recursive Feature Extraction (small
molecules/peptides) module was used as a deconvolution, fea-
ture extraction and alignment workflow. Compound features were
kept only if they were present in all three replicates in at least
one sample. The feature files generated by Profinder (PFA files)
were imported into Agilent Mass Profiler Professional 15 (MPP), a
chemometrics platform used in identification of the features. Fea-
ture intensities were exported as compound peak areas. The iden-
tification of compounds was performed by comparison of mea-
sured compound mass spectra to mass spectra obtained by the
injection of standards and by comparison of measured compound
mass spectra to mass spectra stored in Wiley 7, NIST08 or FFNCS
mass spectral libraries. Resulting identified feature lists were ex-
ported as .CSV files for further statistical analysis in R.

Statistical analyses

All statistical analyses were conducted in R. The ASV abundance
table was normalized by rarefying to the smallest library size
(50 881 sequences) using the rrarefy function of the vegan pack-
age (Oksanen et al. 2015). Shared and unique ASVs among hops,
pre-hopping beer, and dry-hopped beer were visualized with a
Venn diagram using the VennDiagram package (Chen and Boutros
2011), based on presence/absence data. To assess fungal com-
munity composition in hop pellets, we performed Principal Coor-
dinate Analysis (PCoA) on Bray—Curtis dissimilarities calculated
from Hellinger-transformed ASV counts using the vegan pack-
age. Negative eigenvalues were corrected with the Cailliez method
(Cailliez 1983, Legendre and Legendre 1998). The ordination was
used to visualize patterns among samples according to hop va-
riety (Citra and Simcoe) and hop pellet manufacturer (1; 2; 3). To
test for significant effects of these factors, we conducted permu-
tational multivariate analysis of variance (PERMANOVA) with the
adonis? function in vegan, based on 9999 permutations. In addi-
tion, homogeneity of group dispersions was evaluated with the
betadisper function. Relative abundances of fungal genera were vi-
sualized using the ggplot2 package (Wickham 2016) as pie charts,
displaying the ten most abundant taxa within each sample type
(hops, pre-hopping beer, dry-hopped beer). Relative abundances of
fungal genera were visualized using the ggplot2 package (Wick-
ham 2016) as scatter plots. To ensure that relative-abundance
comparisons reflected only taxa that co-occur in both samples of
a given pair, we restricted each comparison to shared genera, de-
fined as genera with non-zero counts in both samples being eval-
uated. For each pairwise comparison, the abundance matrix con-
sisting of the shared genera was subjected to a centered log-ratio
(CLR) transformation (Aitchison 1982). CLR values were computed
as:

CILR (x)) = In (%)

where x; is the count of genus i, and g is the geometric mean of all
genera included in that comparison. By applying CLR only to the
shared genera, both samples were centered using the same de-
nominator, thereby ensuring direct, ratio-based comparability be-
tween samples. Pairwise scatterplots were generated by plotting
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Hops Pre-hopping beer

Dry-hopped beer

Figure 1. Venn diagram showing the distribution of fungal ASVs detected
in hops (green), pre-hopped beer (blue), and dry-hopped beer (orange).
The numbers in each section indicate the numbers of ASVs detected.

the CLR abundance of each genus in the dry-hopped beer against
its CLR abundance in either hops or pre-hopping beer. The 1:1 line
represents equal CLR abundance between the two samples. Points
above or below the line reflect enrichment in the corresponding
axis sample. Genera that were present in both samples but ab-
sent in the Pre-hopping beer were highlighted (red) to indicate po-
tential introduction through hop material. All analyses were per-
formed in R (version 4.4.3) using the ggplot2 and ggrepel packages.
ASVs assigned to Saccharomyces were excluded from this analysis,
as this genus accounted for the majority of reads (~99%) in beer
samples, representing 10 out of 75 ASVs (~13%).

For the GCMS data analysis the feature intensity data were
centred and scaled to achieve zero means and unit variances.,
then a Principal Component Analysis (PCA) was performed as a
preliminary analysis using the package mixOmics (Lé Cao et al.
2009, Rohart et al. 2017), followed by a cluster heatmap (Eisen
et al. 1998, Wilkinson and Friendly 2009) using the Complex-
Heatmap package. Hierarchical clustering of both rows (samples)
and columns (compounds) was performed using Canberra dis-
tance as the dissimilarity metric and Ward’s minimum variance
method (Ward.D2) for agglomeration. To improve stability, the k-
means clustering option with four clusters and 20 repetitions was
applied for row partitioning.

Results

Fungal communities in hop pellets, pre-hopping
beer and dry-hopped beer
Following the quality filtering of the sequences the average ITS2
read number was 59 570 for hop samples and 85 701 for beer sam-
ples. Across the three sample types (hop pellets, pre-hopping beer,
and dry-hopped beer), a total of 599 fungal ASVs were detected,
representing 181 genera. As expected, hop pellet samples con-
tained the highest richness, with 570 ASVs assigned to 172 genera
(Fig. 1).

PERMANOVA revealed that fungal community composition
in hop pellets differed significantly among manufacturers
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(R?=0.694, P = 0.0001) and also between hop varieties (R?=0.301,
P = 0.0009) (Fig. 2). However, betadisper analysis indicated signif-
icant differences in dispersion within hop varieties (P = 0.0001),
while no such effect was observed within manufacturers
(P = 0.4003). These results suggest that although PERMANOVA
detected a significant effect of hop variety, the observed varia-
tion was most likely driven by heterogeneity among manufactur-
ers; therefore, the observed differences cannot be conclusively at-
tributed solely to hop variety.

Of the 172 fungal genera detected in hops, the most abun-
dant based on rarefied abundance were predominantly common
foliar endophytes, with Cladosporium being the most abundant,
followed by Alternaria, Vishniacozyma, Filobasidium, Sporobolomyces,
Stemphylium, Aureobasidium, Fusarium, Calephoma, and Gibellulop-
sis (Fig. 3). In addition, ASVs identified as members of the Sac-
charomyces genus were also detected in hop pellets (2 ASVs;
~0,12% of the total ITS2 read count in hop pellets), all of which
were likewise present in the beer samples. Several other genera
were also identified in the hop samples that are known to in-
clude yeasts and to produce volatile organic compounds (VOCs),
such as Rhodotorula, Papiliotrema, Malassezia, Debaryomyces, Wick-
erhamomyces, Nakaseomyces, Candida, Cryptococcus, Sporobolomyces,
Cystobasidium, Cystofilobasidium, Filobasidium, Moesziomyces, Bullera,
Pseudozyma, Vishniacozyma, Naganishia, Solicoccozyma, Rhodosporid-
iobolus, Symmetrospora, and Cyberlindnera (Hassan et al. 1994, Lee
et al. 1995, Suh et al. 1996, Barnett 2000, Johnson 2013, Aung et
al. 2015, Bagheri et al. 2015, Esmaeili et al. 2015, Wang et al. 2015,
Basso et al. 2016, Bellut et al. 2019, Nawaz et al. 2019, Stosiek et
al. 2019, Haelewaters et al. 2020, Poontawee and Limtong 2020,
Sathiyamoorthi et al. 2020, Rios-Navarro et al. 2021, de Almeida
et al. 2022, Dikmetas et al. 2023, Ametefe et al. 2025, Malassigné
et al. 2025).

As anticipated, both types of beer samples contained far fewer
ASVs than the hop pellets. In pre-hopping beer, 54 ASVs repre-
senting 23 genera were detected, while in dry-hopped beer, 50
ASVs representing 22 genera were identified (Fig. 1). In both cases,
Saccharomyces was the most abundant genus (10 ASVs, ~99% of
the total ITS2 read count in beer samples). In addition, domi-
nant genera in pre-hopping beer included Alternaria, Cladosporium,
Malassezia, Aureobasidium, Botrytis, Cystofilobasidium, Seimatospo-
rium, Diplodia, and Pseudopithomyces, whereas in dry-hopped beer
the most abundant genera were Cladosporium, Alternaria, Aureoba-
sidium, Malassezia, Filobasidium, Calophora, Candida, Vishniacozyma,
Pseudopithomyces, and Wickerhamomyces (Fig. 3). Notably, 14 ASVs
assigned to four fungal genera were detected in dry-hopped beer
that were absent from pre-hopping beer but presentin hop pellets,
specifically Wickerhamomyces, Vishniacozyma, Bipolaris, and Curvu-
laria (Fig. 1).

Untargeted metabolomic screening of beer
samples
Analysis of VOCs revealed clear differences between beer styles
and hopping. In untargeted GC-MS data processing, a total of 33
compounds were consistently detected across all samples, span-
ning major chemical classes such as higher alcohols, esters, fatty
acids, and terpenoids, yet only one of the 33 detected compounds
was not identified with GCMS libraries. PCA indicated that beer
style was the dominant source of variation, with the first princi-
pal component (PC1) explaining 88.7% of the variance and clearly
separating Lager from Session IPA samples (Fig. 4).

Within each style, dry hopping also influenced the volatile pro-
file, as evidenced by a consistent shift along PC2 (6.1% variance),

although the magnitude of this effect was smaller compared to
the style-related differences. Sample replicates grouped tightly,
confirming the reproducibility of the analytical approach. Hierar-
chical clustering of all identified VOCs further supported these
findings (Fig. 5).

The heatmap showed distinct clustering of pre-hopping and
dry-hopped beers within each style, with characteristic groups
of compounds enriched after hopping. Among the 33 detected
volatiles, 18 differed significantly (P < 0.05, FC > 2) between pre-
hopping and dry-hopped samples. Increases were particularly no-
table for hop-derived terpenes such as g-myrcene, linalool, -
citronellol, p-menth-1-en-8-ol, and the sesquiterpene humulene,
which are known constituents of hop essential oils and contribute
directly to the aroma of dry-hopped beers.

Interestingly, several metabolites not typically associated
with hop oils were also elevated after dry hopping (Fig. 5).
These included higher alcohols (3-methyl-1-butanol, methionol),
short-chain fatty acids (3-methyl-butanoic acid, 3-methyl-
pentanoic acid), medium-chain ethyl esters (ethyl heptanoate,
ethyl nonanoate), and ketones (2-nonanone, 2-undecanone). The
presence and enrichment of these compounds suggest metabolic
activity beyond simple extraction from hop material.

Discussion
Fungal communities of commercial hop pellets

Dry hopping has long been recognized for its impact on beer
aroma and chemistry, but its microbiological dimensions have re-
ceived far less attention. Based on ITS2 metabarcoding we provide
molecular evidence that several fungal genera presentin hops can
be detected at the DNA level in beer after dry hopping, suggesting
that hop material contributes to the microbial complexity of beer
beyond its aromatic role. In the two dry-hopped beers examined
(Session IPA and Lager), breweries used Citra (two samples) and
Simcoe (one sample) hops, supplied by three different manufac-
turers. Fungal community composition differed by both variety
and manufacturer (Fig. 2), although dispersion values indicated
that variation was primarily driven by manufacturer. This sug-
gests that differences in cultivation environment and processing
may override varietal effects. Previous studies have shown that
abiotic and biotic factors, such as geographical location, soil and
cultivation method strongly shape hop metabolite and aroma pro-
files even within a single cultivar, with Cascade and Mosaic hops ex-
hibiting distinct volatile compositions depending on growing re-
gion (Van Holle et al. 2021, Féchir et al. 2023). Such variation in
bioactive metabolites may in turn select for distinct microbial as-
semblages, consistent with evidence that plant metabolite com-
position influences the associated microbiota (Pang et al. 2021).
Furthermore, hop health status has been shown to alter rhizo-
sphere microbial communities within a variety (Gallego-Clemente
et al. 2023).

Sequence data confirmed the presence of DNA from com-
mon phyllosphere-associated endophytes such as Alternaria, Epic-
occum, Aureobasidium, Cladosporium, and Stemphylium in hop pel-
lets (Riccioni et al. 2025) (Fig. 3). In addition, we detected fun-
gal genera previously reported as yeasts or VOC producers—
Saccharomyces, Rhodotorula, Papiliotrema, Malassezia, Debaryomyces,
Candida, Filobasidium, Wickerhamomyces, Nakaseomyces, Cryptococ-
cus, Sporobolomyces, Cystobasidium, Cystofilobasidium, Moesziomyces,
Bullera, Pseudozyma, Vishniacozyma, Naganishia, Solicoccozyma, Rho-
dosporidiobolus, Symmetrospora, and Cyberlindnera, many of which
have been described in alcoholic beverages (Hassan et al. 1994, Lee
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Figure 2. Fungal community composition in hop pellets based on nrDNA ITS2 amplicon sequencing with PCoA using Bray—Curtis dissimilarities
calculated from Hellinger-transformed ASV counts. Ellipses represent hop pellet manufacturers (green = 1, blue = 2, pink = 3), while symbols denote
hop varieties (circle = Citra, triangle = Simcoe). Ellipses represent 95% confidence intervals for each group.

et al. 1995, Barnett 2000, Johnson 2013, Aung et al. 2015, Bagheri
et al. 2015, Esmaeili et al. 2015, Basso et al. 2016, Bellut et al. 2019,
Nawaz et al. 2019, Haelewaters et al. 2020, de Almeida et al. 2022,
Dikmetas et al. 2023, Ametefe et al. 2025, Malassigné et al. 2025;
Suh et al. 1996, Wang et al. 2015, Stosiek et al. 2019, Poontawee
and Limtong 2020, Sathiyamoorthi et al. 2020, Rios-Navarro et al.
2021).

The detection of Saccharomyces species in hop pellets is notewor-
thy, although only ASVs that were also detected in pre-hopping
beer samples were identified. This genus includes not only the tra-
ditional brewer’s yeasts Saccharomyces cerevisiae and Saccharomyces
pastorianus, but also other species relevant for beer production
(Nikulin et al. 2020, Hutzler et al. 2021, Iturritxa et al. 2023). In-
dustrial strains of S. cerevisiae and S. pastorianus have undergone
long-term domestication and selection, yielding traits such as effi-
cient sugar utilization, ethanol and osmotic stress tolerance, and
desirable flavour production (Stewart 2016, Gallone et al. 2018).
Wild strains, by contrast, may lack these optimizations but pos-
sess wide genetic and phenotypic diversity that can contribute
novel traits to fermentation outcomes (Fay and Benavides 2005,
Gallone et al. 2018, Molinet and Cubillos 2020).

Beyond Saccharomyces, non-Saccharomyces yeasts were identified
in hop pellets. Rhodotorula spp., classified as oxidative yeasts, can
dominate early stages of fruit wine fermentation (Bagheri et al.
2015, Borren and Tian 2021). Recent studies show that Rhodotorula
mucilaginosa modulates fermentation when co-cultured with S.
cerevisiae, increasing 1-butanol and ethyl lactate in cider (S. Liu
et al. 2025) and enhancing aroma complexity in wine (Calabretti
et al. 2012, Wang et al. 2017). The presence of wild yeasts like Can-
dida, Filobasidium, and Debaryomyces is often linked to off-flavours
(phenolic, acidic, fatty acid, and estery), as well as haze and tur-

bidity (Esmaeili et al. 2015). Poor hygiene during beer matura-
tion and conditioning may allow these taxa to cause spoilage
(van der Aa Kiihle and Jespersen 1998). Although most of the
hop-associated fungal genera were detected only in hop pellets
and not in beer, the possibility remains that hops act as a vec-
tor for fungi capable of persisting under adverse conditions. This
could be particularly relevant when dry hopping is performed
during fermentation rather than afterward. Moreover, the detec-
tion of rare taxa in large fermentation volumes (e.g. 5000 L) can
be limited by sampling scale and sequencing depth, underscor-
ing the need for more intensive sampling strategies and RNA-
based assays to determine microbial viability in future stud-
ies.Members of the Wickerhamomyces genus are biotechnologi-
cally relevant yeasts across multiple industries as food, environ-
mental, biofuel, agricultural, and medical sectors (Nundaeng et
al. 2021). Wickerhamomyces anomalus is frequently isolated from
grapes and wine, where it enhances fermentation complexity,
though its high ethyl acetate production has limited its use in
brewing (Padilla et al. 2018). Nevertheless, recent studies high-
light its potential benefits for craft brewing applications (Basso
et al. 2016, Chen et al. 2025). Cyberlindnera species are notable for
high ester production (Cyberlindnera saturnus, Cyberlindnera mrakii,
and Cyberlindnera subsufficiens) (Inoue et al. 1994, Yilmaztekin
et al. 2008, Aung et al. 2015, Liu and Quek 2016). In a study
C. subsufficiens was selected for pilot-scale brewing, where opti-
mized fermentation conditions enhanced fruitiness and reduced
the typical wort-like off-flavour. The resulting non-alcoholic beer
outperformed commercial counterparts in sensory evaluation,
highlighting the potential of non-Saccharomyces yeasts as vi-
able alternatives for non-alcoholic beer production (Bellut et al.
2019).
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Figure 3. Scatter plot of genera detected in both compared samples (a-b). CLR-transformed abundances were plotted pairwise, with the red 1:1 line
denoting equal relative abundance. Black points represent genera present in Pre-hopping beer samples, while red points mark genera absent from
pre-hopping beer but detected after hop addition. Points above or below the line indicate relative enrichment in the corresponding sample. Ratio of
fungal genera based on rarefied abundance, visualized as pie charts (c). For each sample type (hops, pre-hopping beer, and dry-hopped beer), the ten
most abundant genera are shown without the genus Saccharomyces that dominated the beer samples representing ~99% of the total ITS2 read count.

Common fungal genera of hop pellets and
dry-hopped beer

We identified four fungal genera, Wickerhamomyces, Vishniacozyma,
Bipolaris, and Curvularia that were detected in both hop pellets and
dry-hopped beer but were absent from pre-hopping beer. Among
these, Wickerhamomyces is particularly noteworthy due to its doc-

umented role in both wine and beer fermentations and its as-
sociation with the production of ethyl acetate and other volatile
esters that can influence aroma complexity (Padilla et al. 2018).
The detection of Vishniacozyma, Bipolaris, and Curvularia is also in-
triguing, as these genera have not commonly been reported from
beer and may reflect the microbial reservoir carried by hops. Al-
though some of these taxa are less likely to directly affect beer
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flavour, their persistence in the beer matrix after hop removal is
remarkable and suggests that hop-derived fungi can withstand, at
least transiently, the physicochemical stress of the brewing envi-
ronment.The genus Vishniacozyma, established by Liu et al. (2015),
is generally non-fermentative (Zhu et al. 2023) but encompasses
metabolically versatile species with diverse biotechnological rele-
vance. Several members, such as Vishniacozyma foliicola and Vishni-
acozyma victoriae, have been described as endophytes with biocon-
trol potential (Gorordo et al. 2022, Nian et al. 2023), while others,
including Vishniacozyma psychrotolerans and V. victoriae, are capa-
ble of lipid accumulation and the production of fatty acids and
ergosterol for industrial use (Deeba et al. 2018, Villarreal et al.
2018). To our knowledge, Vishniacozyma has not previously been
reported from beer, although it is known to occur abundantly
on malting barley. Notably, V. victoridze has been associated with
pink kernel discoloration of barley and has occasionally been dis-
cussed in connection with beer gushing (over-foaming), although
it is not regarded as a primary cause (Pettersson 2023).Similarly,
Bipolaris and Curvularia have not been directly reported from beer.
Both genera are well-known pathogens of cereals, including malt-
ing barley, where their presence can reduce grain quality (Lugo-
Torres 2020). Bipolaris species typically cause leaf spots, blights,
and rots on barley, rice, maize, wheat, and sorghum (Manamgoda
et al. 2014). In contrast, Curvularia species are dematiaceous fungi
with facultative pathogenic and endophytic lifestyles, capable of
producing a wide array of secondary metabolites—such as alka-
loids, terpenes, polyketides, and quinones—some of which exhibit
antimicrobial or anti-inflammatory properties (Mehta et al. 2022).

Impact of dry hopping on hop and microbial
volatiles

Untargeted GCMS analysis revealed that dry hopping not only en-
riched hop-derived volatiles such as terpenes but also altered the
overall aroma profile through increases in esters, higher alcohols,
and fatty acids, changes that may reflect microbial activity as-
sociated with hop material. Our analysis confirmed that the ma-
jority of volatile changes observed after dry hopping could be at-
tributed to hop-derived compounds. Among these, the monoter-
pene B-myrcene and the sesquiterpene humulene were the most
abundant, consistent with previous reports identifying these ter-
penes as major constituents across diverse hop cultivars (Aberl
and Coelhan 2012, Klimczak et al. 2023). Likewise, ketones such
as 2-nonanone, 2-decanone, and 2-undecanone, which were de-
tected at elevated levels in our dry-hopped samples, have long
been recognized as common hop volatiles (Sharpe and Laws 1981).
The detection of geranyl formate, another compound repeatedly
associated with hop essential oils (Sharpe and Laws 1981), fur-
ther supports the dominant contribution of hop metabolites to
the aroma profile of dry-hopped beers.

Beyond these expected hop volatiles, our results highlight the
enrichment of compounds that are not classical constituents of
hop oils but rather align with microbial or enzymatically medi-
ated processes. Interestingly, this observation is closely connected
to the phenomenon of hop creep, where refermentation in dry-
hopped beers is driven not only by hop-derived enzymes but also
by microbial contributions, but the origin of these esters is not
straightforward: although ethyl esters in beer may arise from
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Figure 5. Heatmap of the relative abundances of 33 volatile compounds identified in beer samples before and after dry hopping. Data were normalized
by z-score, and hierarchical clustering was applied to both compounds and samples.

non-enzymatic esterification during storage (Williams and Wag-
ner 1978, 1979; Vanderhaegen et al. 2003, 2007), recent work by
Brendel et al. (2020a) demonstrated that such esters accumulate
predominantly in dry-hopped beers, even when precursor acid
concentrations are comparable to those in un-hopped controls.
Since both sample types were stored under identical conditions,
the authors concluded that non-enzymatic reactions alone could
not explain the pattern. Yeast metabolism was also ruled out,
as the same yeast was present in both conditions (Brendel et al.
2020a). Instead, enzymatic activity associated with hops was pro-
posed as a plausible mechanism, supported by evidence that ester
formation could be inhibited by pH adjustment, heat treatment,
or salt concentration (Brendel et al. 2020b). Our results are consis-
tent with this hypothesis, as we also observed an increase in ethyl
esters of 2- and 3-methylbutanoic acid, suggesting an enzymatic
or microbially facilitated pathway induced by dry hopping.

In addition to esters, we found elevated levels of higher alco-
hols such as 3-methyl-1-butanol (isoamyl alcohol) and methionol,
as well as short-chain fatty acids including 3-methylbutanoic and
3-methylpentanoic acids. These compounds are well-established
products of yeast amino acid catabolism via the Ehrlich pathway
and can also result from microbial interactions in beer (Olani-
ran et al. 2017). The fact that the ITS2 metabarcoding analysis
of our samples confirmed the presence of microbial DNA in hops

and its persistence after hopping supports the view that at least
part of the observed volatile changes may stem from microbial
metabolism, either through direct transformation of hop-derived
precursors or through stimulation of yeast secondary pathways.

Taken together, our results demonstrate that the aroma mod-
ulation caused by dry hopping cannot be explained solely by
the transfer of hop oil constituents into beer. While monoter-
penes and sesquiterpenes provide the most immediate sen-
sory impact, additional compounds of microbial or enzymatic
origin—particularly ethyl esters, higher alcohols, and fatty acids—
contribute to the final volatile profile. The style-dependent mag-
nitude of these effects, with Session IPA showing stronger shifts
than Lager, suggests that matrix effects or differences in fermen-
tation conditions may further modulate these processes. Overall,
these findings support the growing recognition that dry hopping
is not only an extraction step but also a biochemical intervention
that introduces both hop-derived volatiles and enzymatic or mi-
crobial activities shaping beer aroma.

Conclusion

Our findings demonstrate that commercial hop pellets harbour
diverse fungal communities, including yeasts of potential fermen-
tative and spoilage relevance. The detection of their DNA in beer
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after dry hopping supports the idea that fungi associated with
hops can be transferred into the beer matrix during this process.
Untargeted metabolomic profiling further indicated that, beyond
hop oil constituents, volatile shifts consistent with microbial or
enzymatic activity occur after dry hopping. Overall, the introduc-
tion of hop-associated fungi during dry hopping may influence
beer quality in both beneficial and detrimental ways—enhancing
aroma complexity while potentially affecting stability and sen-
sory balance.

Acknowledgement

We thank Pedro Reinoso Bernal and Péter Farkas for their collab-
oration and for providing samples. Our work is dedicated to the
loving memory of Zsolt Spitzmiiller, who shared with us the art
and joy of brewing.

Conflicts of interest: The authors declare no conflict of interest regard-
ing this manuscript.

Funding

This work was supported by the EKOP-24 University Research Fel-
lowship Program of the Ministry for Culture and Innovation from
the source of the National Research, Development and Innovation
awarded to Anna Molnar.

Data availability

DNA sequences used in this study were deposited in GenBank (Ac-
cession numbers: PX421699-PX422298).

References

Aberl A, Coelhan M. Determination of volatile compounds in dif-
ferent hop varieties by headspace-trap GC/MS—In comparison
with conventional hop essential oil analysis. ] Agric Food Chem
2012;60:2785-92. https://doi.org/10.1021/jf205002p.

Aitchison J. The statistical analysis of compositional data. J R Stat
Soc Ser B (Methodol) 1982;44:139-60. https://doi.org/10.1111/j.2517
-6161.1982.tb01195 .x.

Allen ME, Piefer AJ, Cole SN et al. Characterization of microbial com-
munities populating the inflorescences of humulus lupulus L. ] Am
Soc Brew Chem 2019;77:243-50. https://doi.org/10.1080/03610470
.2019.1667739.

Almaguer C, Schonberger C, Gastl M et al. Humulus lupulus—a story
that begs to be told. A review. ] Inst Brew 2014;120:289-314. https:
//doi.org/10.1002/jib.160.

Ametefe EN, Thorsen L, Danwonno H et al. Molecular characteriza-
tion of culturable yeasts and nonspore-forming bacteria associ-
ated with fermented kapok seeds (Kantong), a traditional food
condiment in Ghana. Int] Food Sci 2025;2025:6452183. https://do
i.0rg/10.1155/ijf0/6452183.

Aung MT, Lee P-R, Yu B et al. Cider fermentation with three Williop-
sis saturnus yeast strains and volatile changes. Ann Microbiol
2015;65:921-8. https://doi.org/10.1007/s13213-014-0935-7.

Bagheri B, Bauer FF, Setati ME. The diversity and dynamics of indige-
nous yeast communities in grape must from vineyards employ-
ing different agronomic practices and their influence on wine fer-
mentation. S Afr ] Enol Vitic 2015;36:243-51.

Barnett JA. Yeasts: Characteristics and Identification. Cambridge: Cam-
bridge University Press; 2000.

Molnéretal. | 9

Basso RF, Alcarde AR, Portugal CB. Could non-saccharomyces
yeasts contribute on innovative brewing fermentations? Food
Res Int 2016;86:112-20. https://doi.org/10.1016/j.foodres.2016.06.
002.

Behre K-E. The history of beer additives in Europe—A review. Veg Hist
Archaeobot 1999;8:35-48. https://doi.org/10.1007/BF02042841.
Bellut K, Michel M, Zarnkow M et al. Screening and application
of Cyberlindnera yeasts to produce a fruity, non-alcoholic beer.
Fermentation 2019;5:103. https://doi.org/10.3390/fermentation50

40103.

Borren E, Tian B. The important contribution of non-saccharomyces
yeasts to the aroma complexity of wine: a review. Foods
2021;10:13. https://doi.org/10.3390/foods10010013.

Brendel S, Hofmann T, Granvogl M. Dry-hopping to modify the aroma
of alcohol-free beer on a molecular level—Loss and transfer of
odor-active compounds. J Agric Food Chem 2020a;68:8602-12. http
s://doi.org/10.1021/acs.jafc.0c01907.

Brendel S, Hofmann T, Granvogl M. Hop-induced formation of ethyl
esters in dry-hopped beer. Food Prod Process Nutr 2020b;2:18. https:
//doi.org/10.1186/s43014-020-00030-0.

Bruner J, Williams J, Fox G. Further exploration of hop creep vari-
ability with humulus lupulus cultivars and proposed method for
determination of secondary fermentation. Tech Q 2020;57:169-76.
https://doi.org/10.1094/TQ-57-3-1002-01.

Cailliez F. The analytical solution of the additive constant problem.
Psychometrika 1983;48:305-8. https://doi.org/10.1007/BF02294026.

Calabretti A, La Cara F, Sorrentino A et al. Characterization of volatile
fraction of typical Irpinian wines fermented with a new starter
yeast. World J Microbiol Biotechnol 2012;28:1433-42. https://doi.org/
10.1007/s11274-011-0943-8.

Callahan BJ, McMurdie PJ, Rosen MJ et al. DADA2: high-resolution
sample inference from Illumina amplicon data. Nat Methods
2016;13:581-3. https://doi.org/10.1038/nmeth.3869.

Castro P, Luz E, Moreira G. Dataset for hop varieties classification.
Data Brief 2021;38:107312. https://doi.org/10.1016/j.dib.2021.107
312.

Chen H, Boutros PC. VennDiagram: a package for the generation of
highly-customizable Venn and Euler diagrams in R. BMC Bioinf
2011;12:35. https://doi.org/10.1186/1471-2105-12-35.

Chen Y-T, Lo C-Y, Lu J-Y et al. Exploring Wickerhamomyces anoma-
lus as an alternative brewing yeast: growth characteristics, fer-
mentation efficiency, and impact on beer aroma. SSRN Scholarly
Paper No. 5191664. Soc Sci Res Netw 2025. https://doi.org/10.2139/
$s1m.5191664.

Cottrell MT. A search for diastatic enzymes endogenous to humu-
lus lupulus and produced by microbes associated with pellet
hops driving “hop creep” of dry hopped beer. ] Am Soc Brew Chem
2023;81:435-47. https://doi.org/10.1080/03610470.2022.2084327.

de Almeida ELM, Ventorim RZ, de M et al. Papiliotrema laurentii:
general features and biotechnological applications. Appl Micro-
biol Biotechnol 2022;106:6963-76. https://doi.org/10.1007/s00253-0
22-12208-2.

Deeba F, Pruthi V, Negi YS. Aromatic hydrocarbon biodegradation
activates neutral lipid biosynthesis in oleaginous yeast. Bioresour
Technol 2018;255:273-80. https://doi.org/10.1016/j.biortech.2018.
01.096.

Dikmetas DN, Ozer H, Karbancioglu-Guler F. Biocontrol potential of
antagonistic yeasts on in vitro and in vivo Aspergillus growth and
its AFB1 production. Toxins 2023;15:402. https://doi.org/10.3390/
toxins15060402.

Eisen MB, Spellman PT, Brown PO et al. Cluster analysis and dis-
play of genome-wide expression patterns. Proc Natl Acad Sci USA
1998;95:14863-8. https://doi.org/10.1073/pnas.95.25.14863.

920z Aienigad /| uo Jasn AsioAlun YInos [enuad Aq 6¥99/€8/8E LIBUY/RISWYEB0L 0 |/10P/aIOILE/S|SWS}/WO09"dNO"D1WSPEDE//:SA)Y WO} PAPEOjUMOQ


https://doi.org/10.1021/jf205002p
https://doi.org/10.1111/j.2517-6161.1982.tb01195.x
https://doi.org/10.1080/03610470.2019.1667739
https://doi.org/10.1002/jib.160
https://doi.org/10.1155/ijfo/6452183
https://doi.org/10.1007/s13213-014-0935-7
https://doi.org/10.1016/j.foodres.2016.06.002
https://doi.org/10.1007/BF02042841
https://doi.org/10.3390/fermentation5040103
https://doi.org/10.3390/foods10010013
https://doi.org/10.1021/acs.jafc.0c01907
https://doi.org/10.1186/s43014-020-00030-0
https://doi.org/10.1094/TQ-57-3-1002-01
https://doi.org/10.1007/BF02294026
https://doi.org/10.1007/s11274-011-0943-8
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.dib.2021.107312
https://doi.org/10.1186/1471-2105-12-35
https://doi.org/10.2139/ssrn.5191664
https://doi.org/10.1080/03610470.2022.2084327
https://doi.org/10.1007/s00253-022-12208-2
https://doi.org/10.1016/j.biortech.2018.01.096
https://doi.org/10.3390/toxins15060402
https://doi.org/10.1073/pnas.95.25.14863

10 | FEMS Microbiology Letters, 2025, Vol. 372

Esmaeili S, Mogharrabi M, Safi F et al. The common spoilage microor-
ganisms of beer: occurrence, defects, and determination—A re-
view. [journal missing] 2015;7:68-73.

FayJC, Benavides JA. Evidence for domesticated and wild populations
of Saccharomyces cerevisiae. PLoS Genet 2005;1:e5. https://doi.org/10
.1371/journal.pgen.0010005.

Féchir M, Weaver G, Roy C et al. Exploring the regional identity of
Cascade and Mosaic® hops grown at different locations in Ore-
gon and Washington. ] Am Soc Brew Chem 2023;81:480-92. https:
//doi.org/10.1080/03610470.2022.2089010.

Gallego-Clemente E, Moreno-Gonzalez V, Ibafiez A et al. Changes in
the microbial composition of the rhizosphere of hop plants af-
fected by verticillium wilt caused by verticillium nonalfalfae. Microor-
ganisms 2023;11:1819. https://doi.org/10.3390/microorganisms11
071819.

Gallone B, Mertens S, Gordon JL et al. Origins, evolution, domestica-
tion and diversity of Saccharomyces beer yeasts. Curr Opin Biotech-
nol 2018;49:148-55. https://doi.org/10.1016/j.copbio.2017.08.005.

Gomes FDO, Guimaraes BP, Ceola D et al. Advances in dry hopping for
industrial brewing: a review. Food Sci Technol 2022;42:ctaAR60620.
https://doi.org/10.1590/fst.60620.

Gorordo MF, Lucca ME, Sangorrin MP. Biocontrol efficacy of Vish-
niacozyma victoriae in semi-commercial assays for the control
of postharvest fungal diseases of organic pears. Curr Microbiol
2022;79:259. https://doi.org/10.1007/s00284-022-02934-1.

Haelewaters D, Toome-Heller M, Albu S et al. Red yeasts from leaf sur-
faces and other habitats: three new species and a new combina-
tion of Symmetrospora (Pucciniomycotina, Cystobasidiomycetes).
Fungal Syst Evol 2020;5:187-96. https://doi.org/10.3114/fuse.2020.
05.12.

Hassan M, Blanc PJ, Pareilleux A et al. Production of single-cell oil
from prickly-pear juice fermentation by cryptococcus curvatus
grown in batch culture. World J Microbiol Biotechnol 1994;10:534-7.
https://doi.org/10.1007/BF0036766.

Hutzler M, Michel M, Kunz O et al. Unique brewing-relevant proper-
ties of a strain of Saccharomyces jurei isolated from ash (Fraxinus
excelsior). Front Microbiol 2021;12:645271. https://doi.org/10.3389/
fmicb.2021.645271.

Thrmark K, Bodeker ITM, Cruz-Martinez K et al. New primers to am-
plify the fungal ITS2 region—Evaluation by 454-sequencing of ar-
tificial and natural communities. FEMS Microbiol Ecol 2012;82:666—
77. https://doi.org/10.1111/§.1574-6941.2012.01437 x.

Inoue Y, Fukuda K, Wakal Y et al. Ester formation by a yeast
hansenula mrakii IFO 0895: contribution of esterase for iso-
amyl acetate production in sake brewing. LWT Food Sci Technol
1994;27:189-93. https://doi.org/10.1006/fst1.1994.1037.

Iturritxa E, Hill AE, Torija M-]. Profiling potential brewing yeast
from forest and vineyard ecosystems. Int ] Food Microbiol
2023;394:110187.  https://doi.org/10.1016/j.ijfoodmicro.2023.1
10187.

Jacoby RP, Koprivova A, Kopriva S. Pinpointing secondary metabo-
lites that shape the composition and function of the plant mi-
crobiome. ] Exp Bot 2021;72:57-69. https://doi.org/10.1093/jxb/er
aa424.

JanickiJ, Kotasthane WV, Parker A et al. The diastatic activity of hops,
together with a note on maltase in hops.J Inst Brew 1941;47:24-36.
https://doi.org/10.1002/j.2050-0416.1941.tb06070.x.

Johnson EA. Biotechnology of non-saccharomyces yeasts—The as-
comycetes. Appl Microbiol Biotechnol 2013;97:503-17. https://doi.or
/10.1007/500253-012-4497-y.

Kirkpatrick KR, Shellhammer TH. Evidence of dextrin hydrolyzing
enzymes in Cascade hops (Humulus lupulus). ] Agric Food Chem
2018;66:9121-6. https://doi.org/10.1021/acs.jafc.8b03563.

Klimczak K, Cioch-Skoneczny M, Duda-Chodak A. Effects of dry-
hopping on beer chemistry and sensory properties—A review.
Molecules 2023;28:6648. https://doi.org/10.3390/molecules28186
648.

Koprivova A, Kopriva S. Plant secondary metabolites altering root
microbiome composition and function. Curr Opin Plant Biol
2022;67:102227. https://doi.org/10.1016/j.pbi.2022.102227.

Krofta K, Mravcova L, Kolek D et al. Microbial community of hop (Hu-
mulus lupulus L.) and its impact on the quality of hop products.
Acta Hortic 2021;1328:109-14. https://doi.org/10.17660/ActaHorti
€.2021.1328.15.

Lé Cao K-A, Martin PG, Robert-Granié C et al. Sparse canonical
methods for biological data integration: application to a cross-
platform study. BMC Bioinf 2009;10:34. https://doi.org/10.1186/14
71-2105-10-34.

Lee S-L, Lin S-J, Chou C-C. Growth of and production of y-decalactone
by sporobolomyces odorus in jar fermentors as affected by pH,
aeration and fed-batch technique. J Ferment Bioeng 1995;80:195—
201. https://doi.org/10.1016/0922-338X(95)93219-A.

Legendre P, Legendre L. Numerical Ecology. 2nd ed. Amsterdam: Else-
vier; 1998.

Liu S, Wang R, Zhang Y et al. Effect of co-fermentation of rhodotorula
mucilaginosa with saccharomyces cerevisiae on the quality and fla-
vor profile of cider. Food Biosci 2025;64:105973. https://doi.org/10
.1016/j.fbi0.2025.105973.

Liu S-Q, Quek AYH. Evaluation of beer fermentation with a novel
yeast Williopsis saturnus. Food Technol Biotechnol 2016;54:403-12.
https://doi.org/10.17113/ftb.54.04.16.4440.

Liu X-Z, Wang Q-M, Goker M et al. Towards an integrated phylogenetic
classification of the Tremellomycetes. Stud Mycol 2015;81:85-147.
https://doi.org/10.1016/j.simyco0.2015.12.001.

Lugo-Torres A. Assessment of Mycoflora, Mycotoxin Profiles and Fungal
Diseases of New York Grown Barley to Assure High Quality Malt for
Craft Brewing [dissertation]. Ithaca (NY): Cornell University; 2020.
https://hdl.handle.net/1813/103100 (30 September 2025, date last
accessed).

Malassigné S, Vallon L, Martin E et al. Characterization of volatile or-
ganic compounds from waterborne and nectar-dwelling yeasts
attractive to Asian tiger mosquitoes. Research Square 2025. https:
//doi.org/10.21203/rs.3.15-7258136/v1.

Manamgoda DS, Rossman AY, Castlebury LA et al. The Genus Bipolaris
Stud Mycol 2014;79:221-88. https://doi.org/10.1016/j.simyco.2014.
10.002.

Mehta T, Meena M, Nagda A. Bioactive compounds of Curvularia
species as a source of various biological activities and biotech-
nological applications. Front Microbiol 2022;13:1069095. https://do
1.0rg/10.3389/fmicb.2022.1069095.

Molinet J, Cubillos FA. Wild yeast for the future: exploring the
use of wild strains for wine and beer fermentation. Front Genet
2020;11:589350. https://doi.org/10.3389/fgene.2020.589350.

Nawaz A, Ashfaq A, Zaidi SMAM et al. Comparison of fermentation
and medical potentials of saccharomyces with wickerhamomyces
genera. Rev Mex Ing Quim 2019;19:33-47. https://doi.org/10.24275
/rmiq/Bio379.

Nian L, Xie Y, Zhang H et al. Vishniacozyma victoriae: an endophytic
antagonist yeast of kiwifruit with biocontrol effect to Botrytis
cinerea. Food Chem 2023;411:135442. https://doi.org/10.1016/j.fo
odchem.2023.135442.

Nikulin J, Vidgren V, Krogerus K et al. Brewing potential of the
wild yeast species saccharomyces paradoxus. Eur Food Res Technol
2020;246:2283-97. https://doi.org/10.1007/s00217-020-03572-2.

Nundaeng S, Suwannarach N, Limtong S et al. An updated global
species diversity and phylogeny in the genus Wickerhamomyces

920z Aienigad /| uo Jasn AsioAlun YInos [enuad Aq 6¥99/€8/8E LIBUY/RISWYEB0L 0 |/10P/aIOILE/S|SWS}/WO09"dNO"D1WSPEDE//:SA)Y WO} PAPEOjUMOQ


https://doi.org/10.1371/journal.pgen.0010005
https://doi.org/10.1080/03610470.2022.2089010
https://doi.org/10.3390/microorganisms11071819
https://doi.org/10.1016/j.copbio.2017.08.005
https://doi.org/10.1590/fst.60620
https://doi.org/10.1007/s00284-022-02934-1
https://doi.org/10.3114/fuse.2020.05.12
https://doi.org/10.1007/BF0036766
https://doi.org/10.3389/fmicb.2021.645271
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1006/fstl.1994.1037
https://doi.org/10.1016/j.ijfoodmicro.2023.110187
https://doi.org/10.1093/jxb/eraa424
https://doi.org/10.1002/j.2050-0416.1941.tb06070.x
https://doi.org/10.1007/s00253-012-4497-y
https://doi.org/10.1021/acs.jafc.8b03563
https://doi.org/10.3390/molecules28186648
https://doi.org/10.1016/j.pbi.2022.102227
https://doi.org/10.17660/ActaHortic.2021.1328.15
https://doi.org/10.1186/1471-2105-10-34
https://doi.org/10.1016/0922-338X(95)93219-A
https://doi.org/10.1016/j.fbio.2025.105973
https://doi.org/10.17113/ftb.54.04.16.4440
https://doi.org/10.1016/j.simyco.2015.12.001
https://hdl.handle.net/1813/103100
https://doi.org/10.21203/rs.3.rs-7258136/v1
https://doi.org/10.1016/j.simyco.2014.10.002
https://doi.org/10.3389/fmicb.2022.1069095
https://doi.org/10.3389/fgene.2020.589350
https://doi.org/10.24275/rmiq/Bio379
https://doi.org/10.1016/j.foodchem.2023.135442
https://doi.org/10.1007/s00217-020-03572-2

with addition of two new species from Thailand. ] Fungi
2021;7:957. https://doi.org/10.3390/jof7110957.

Oksanen J, Blanchet FG, Kindt R et al. vegan: community ecology
package [software]. Version 2.2-1. 2015. https://CRAN.R-project.o
rg/package=vegan (30 September 2025, date last accessed).

Olaniran AO, Hiralal L, Mokoena MP et al. Flavour-active volatile com-
pounds in beer: production, regulation and control. J Inst Brew
2017;123:13-23. https://doi.org/10.1002/jib.389.

Padilla B, Gil JV, Manzanares P. Challenges of the non-conventional
yeast wickerhamomyces anomalus in winemaking. Fermentation
2018;4:68. https://doi.org/10.3390/fermentation4030068.

Pang Z, Chen J, Wang T et al. Linking plant secondary metabolites
and plant microbiomes: a review. Front Plant Sci 2021;12:621276.
https://doi.org/10.3389/fpls.2021.621276.

Pettersson AT. A Study of Fungal Diversity and Gushing in Beer Production.
Department of Forest Mycology and Plant Pathology Agriculture
Programme—Soil and Plant Sciences Uppsala: Sweden 2023.

Poontawee R, Limtong S. Feeding strategies of two-stage fed-batch
cultivation processes for microbial lipid production from sug-
arcane top hydrolysate and crude glycerol by the oleaginous
red yeast rhodosporidiobolus fluvialis. Microorganisms 2020;8:151.
https://doi.org/10.3390/microorganisms802015.

Rehorska R, Bchm A, Schopfer A et al. Humulus lupulus L.—Yeasts
found on wild-growing hop plants and preliminary insights in
their brewing characteristics. BrewingScience 2024;77:150-60. http
s://doi.org/10.23763/BrSc24-12rehorska.

Riccioni C, Belfiori B, Cenci M et al. Exploring endophytic fungi from
humulus lupulus L. for biocontrol of phytopathogenic fungi. Diver-
sity 2025;17:94. https://doi.org/10.3390/d17020094.

Rios-Navarro A, Gonzalez M, Carazzone C et al. Learning about mi-
crobial language: possible interactions mediated by microbial
volatile organic compounds (VOCs) and relevance to understand-
ing Malassezia spp. Metabolism. Metabolomics 2021;17:39. https:
//doi.org/10.1007/s11306-021-01786-3.

Rognes T, Flouri T, Nichols B et al. VSEARCH: a versatile open source
tool for metagenomics. Peer] 2016;4:€2584. https://doi.org/10.771
7/peerj.2584.

Rohart F, Gautier B, Singh A et al. mixOmics: an R package for ‘omics
feature selection and multiple data integration. PLoS Comput Biol
2017;13:€1005752. https://doi.org/10.1371/journal.pcbi.1005752.

Sakamoto K, Konings WN. Beer spoilage bacteria and hop resistance.
Int ] Food Microbiol 2003;89:105-24. https://doi.org/10.1016/s0168-
1605(03)00153-3.

Sathiyamoorthi E, Dikshit PK, Kumar P et al. Co-fermentation of agri-
cultural and industrial waste by Naganishia albida for microbial
lipid production in fed-batch fermentation. ] Chem Technol Biotech-
nol 2020;95:813-21. https://doi.org/10.1002/jctb.6271.

Sharpe FR, Laws DRJ. The essential oil of hops—a review. J Inst
Brew 1981;87:96-107. https://doi.org/10.1002/j.2050-0416.1981.t
b03996.x.

Stewart GG. Saccharomyces species in the production of beer. Bever-
ages 2016;2:34. https://doi.org/10.3390/beverages2040034.

Stokholm A, Rubottom LN, Shellhammer TH. Evaluating a bench-
top fermentation method for estimating dextrin degradation
by hop diastatic enzymes during dry-hopping. BrewingScience
2020;73:140-8.

Stosiek N, Terebieniec A, Zabek A et al. N-phosphonomethylglycine
utilization by the psychrotolerant yeast Solicoccozyma terricola

Molnéretal. | 11

M 3.1.4. Bioorg Chem 2019;93:102866. https://doi.org/10.1016/j.bi
001g.2019.03.040.

Suh S-O, Takashima M, Hamamoto M et al. Molecular phylogeny of
the ballistoconidium-forming anamorphic yeast genus Bullera

and related taxa based on small subunit ribosomal DNA se-
quences. ] Gen Appl Microbiol 1996;42:501-9. https://doi.org/10.2

323/jgam.42.501.

van der A, Kithle A, Jespersen L. Detection and identification of wild
yeasts in lager breweries. Int ] Food Microbiol 1998;43:205-13. https:
//doi.org/10.1016/S0168-1605(98)00113-5.

Vanderhaegen B, Delvaux F, Daenen L et al. Aging characteristics of
different beer types. Food Chem 2007;103:404-12. https://doi.org/
10.1016/j.foodchem.2006.07.062.

Vanderhaegen B, Neven H, Coghe S et al. Evolution of chemi-
cal and sensory properties during aging of top-fermented beer.
J Agric Food Chem 2003;51:6782-90. https://doi.org/10.1021/j0346
31z.

Van Holle A, Muylle H, Haesaert G et al. Relevance of hop terroir for
beer flavour. J Inst Brew 2021;127:238-47. https://doi.org/10.1002/
jib.648.

Villarreal P, Carrasco M, Barahona S et al. Antarctic yeasts: analysis
of their freeze-thaw tolerance and production of antifreeze pro-
teins, fatty acids and ergosterol. BMC Microbiol 2018;18:66. https:
//doi.org/10.1186/512866-018-1214-8.

Wang Q-M, Begerow D, Groenewald M et al. Multigene phylogeny and
taxonomic revision of yeasts and related fungi in the ustilagi-
nomycotina. Stud Mycol 2015;81:55-83. https://doi.org/10.1016/j.
simyco.2015.10.004.

Wang X-C, Li A-H, Dizy M et al. Evaluation of aroma enhancement
for “Ecolly” dry white wines by mixed inoculation of selected
Rhodotorula mucilaginosa and Saccharomyces cerevisiae. Food Chem
2017;228:550-9. https://doi.org/10.1016/j.foodchem.2017.01.113.

White TJ, Bruns T, Lee S et al. Amplification and direct sequencing
of fungal ribosomal RNA genes for phylogenetics. In: Sninsky J,
White T, (eds). PCR Protocols. San Diego (CA): Academic Press; 1989.
Vol. 38. p. 315-22. https://doi.org/10.1016/B978-0-12-372180-8.5
0042-1.

Wickham H. ggplot2: Elegant Graphics for Data Analysis. Cham:
Springer; 2016. https://doi.org/10.1007/978-3-319-24277-4.

Wilkinson L, Friendly M. The history of the cluster heat map. Am Stat
2009;63:179-84. https://doi.org/10.1198/tas.2009.0033.

Williams RS, Wagner H. The isolation and identification of new stal-
ingrelated compounds from beer.] Am Soc Brew Chem 1978;36:27-
31. https://doi.org/10.1094/ASBCJ-36-0027.

Williams RS, Wagner HP. Contribution of hop bitter substances to
beer staling mechanisms. ] Am Soc Brew Chem 1979;37:13-19. http
s://doi.org/10.1094/ASBC]J-37-0013.

Yilmaztekin M, Erten H, Cabaroglu T. Production of isoamyl acetate
from sugar beet molasses by Williopsis saturnus var. Saturnus.
J Inst Brew 2008;114:34-38 https://doi.org/10.1002/j.2050-0416.20
08.tb00303 .x.

YoungJ, Oakley WRM, Fox G. Humulus lupulus and microbes: explor-
ing biotic causes for hop creep. Food Microbiol 2023;114:104298.
https://doi.org/10.1016/j.fm.2023.104298.

Zhu H-Y, Wei Y-H, Guo L-C et al. Vishniacozyma pseudocarnescens
sp. nov., a new anamorphic tremellomycetous yeast species. Int
J Syst Evol Microbiol 2023;73:006076. https://doi.org/10.1099/ijsem.
0.006076.

Received 30 September 2025; revised 14 November 2025; accepted 3 December 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of FEMS. All rights reserved. For commercial re-use, please contact reprints@oup.com for reprints and
translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site-for further

information please contact journals.permissions@oup.com

920z Aienigad /| uo Jasn AsioAlun YInos [enuad Aq 6¥99/€8/8E LIBUY/RISWYEB0L 0 |/10P/aIOILE/S|SWS}/WO09"dNO"D1WSPEDE//:SA)Y WO} PAPEOjUMOQ


https://doi.org/10.3390/jof7110957
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1002/jib.389
https://doi.org/10.3390/fermentation4030068
https://doi.org/10.3389/fpls.2021.621276
https://doi.org/10.3390/microorganisms802015
https://doi.org/10.23763/BrSc24-12rehorska
https://doi.org/10.3390/d17020094
https://doi.org/10.1007/s11306-021-01786-3
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1016/s0168-1605(03)00153-3
https://doi.org/10.1002/jctb.6271
https://doi.org/10.1002/j.2050-0416.1981.tb03996.x
https://doi.org/10.3390/beverages2040034
https://doi.org/10.1016/j.bioorg.2019.03.040
https://doi.org/10.2323/jgam.42.501
https://doi.org/10.1016/S0168-1605(98)00113-5
https://doi.org/10.1016/j.foodchem.2006.07.062
https://doi.org/10.1021/jf034631z
https://doi.org/10.1002/jib.648
https://doi.org/10.1186/s12866-018-1214-8
https://doi.org/10.1016/j.simyco.2015.10.004
https://doi.org/10.1016/j.foodchem.2017.01.113
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1007/978-3-319-24277-4
https://doi.org/10.1198/tas.2009.0033
https://doi.org/10.1094/ASBCJ-36-0027
https://doi.org/10.1094/ASBCJ-37-0013
https://doi.org/10.1002/j.2050-0416.2008.tb00303.x
https://doi.org/10.1016/j.fm.2023.104298
https://doi.org/10.1099/ijsem.0.006076
mailto:reprints@oup.com
mailto:journals.permissions@oup.com

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgement
	Funding
	Data availability
	References

