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A B S T R A C T   

Microbial activity is present at every step of the malting process. It is, therefore, critical to manage the grain- 
associated microbial communities for the production of high-quality malts. This study characterized barley 
and malt epiphytic microbiota by metabarcoding the internal transcribed spacer (ITS) 2 region and the 16S rRNA 
gene V1–V4 metabarcodes, respectively. We elucidated the changes in the diversity and the compositional and 
functional changes of the grain-associated microbiota and inferred the impact of such changes on malting effi-
ciency and premature yeast flocculation (PYF) of the commercial malt end product. Through the malting process, 
the fungal diversity decreased while bacterial community diversity increased. Lactic acid bacteria (LAB) and 
some mycotoxin-producing fungi (e.g. Fusarium spp.) were found to be significantly enriched in malts. Most 
potential fungal pathogens, however, did not change in abundance through the malting process. Fungi (e.g. 
Aureobasidium, Candida) and bacteria (e.g. LAB, Arthrobacter, Brachybacterium) with the potential to generate 
organic acids or exhibit high hydrolytic enzymatic activity for degrading the endosperm cell walls and storage 
proteins were detected in greater abundance in kilned malt, suggesting their contribution to malting efficiency. 
Bacterial and fungal operational taxonomic units (OTUs) associated with PYF-positive malt were mainly iden-
tified as Aureobasidium, Candida, and Leuconostoc, while Pleosporaceae, Steptococcus, and Leucobacter were 
associated with PYF-negative malt. The ecological networks of the field and steeped barley samples were found 
to be larger and denser, while that of the malt microbiome was smaller and less connected. A decrease in the 
proportion of negative interactions through the malting process suggested that malting destabilized the microbial 
networks. In summary, this study profiled the microbiota of commercial malting barley and malt samples in 
western Canada; the findings expanded our knowledge in the microbiology of malting while providing potential 
insights regarding the management of microbial-associated problems, such as PYF, in commercial malting.   

1. Introduction 

Malting is the first stage of beer brewing, during which barley grains 
undergo nutritional and functional shifts driven by the changes in 
temperature, humidity, and oxygen level. Malting promotes the pro-
duction of hydrolytic enzymes that degrade the carbohydrate compo-
nents of the barley endosperm cell walls and cell content into soluble 
compounds (Justé et al., 2011; Laitila et al., 2006a). The breakdown of 

grain into malt can be facilitated by microbial communities that reside 
on and in the barley seeds, which may be indigenous to the grain or 
originate from the field, transportation, or storage (Chen et al., 2016; 
Flannigan, 2003; Justé et al., 2011, 2014). Understanding the compo-
sitional and functional dynamics of the microbial communities through 
the malting process, therefore, is critical for producing a high-quality 
malt end product, which is of the utmost importance to beer brewers, 
and this has yet to be thoroughly investigated. 
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Commercial malting consists of three steps: steeping, germination, 
and kilning. Raw barley grains, stored at 10–14% moisture level, are 
first submerged in water and drained several times to raise the moisture 
content to 42–47% during the steeping stage (Justé et al., 2011; 
MacLeod and Evans, 2016). The warm and humid environment and the 
dissolution of nutrients in the steeping water activate dormant bacterial 
spores and fungal spores or hyphae, resulting in rapid microbial prolif-
eration (Bokulich and Bamforth, 2013; Laitila et al., 2007; Noots et al., 
1998). Steeped barley microbiomes were dominated by lactic acid 
bacteria (LAB), such as Leuconostoc spp., and basidiomycete fungi, such 
as Cryptococcus spp. (Justé et al., 2014; Laitila et al., 2006a). Fusarium 
spp. have also been found to proliferate at this stage and may inhibit 
yeast growth during the later fermentation stage (Bokulich and Bam-
forth, 2013; Justé et al., 2011; Lowe and Arendt, 2004). Steeping allows 
for the production of starch and sucrose degrading enzymes such as 
α-amylase and β-amylase within the barley grain, as well a β-glucanase 
which catalyzes the breakdown of cell wall polysaccharides (Aubert 
et al., 2018). The steeped barley then germinates under humid and 
aerated conditions. Previous studies suggested that the microbial count 
was highest at this stage, with LAB, Enterobacteria, and Pseudomonas, 
making up the majority of the microbiome (Justé et al., 2011; Laitila 
et al., 2006a; Noots et al., 1998). Certain ascomycetous fungi favored by 
warm germination temperatures were also found in abundance (Laitila 
et al., 2011). The high temperature at the kilning stage stops barley 
germination and reduces the moisture level to 3–4% in malt (MacLeod 
and Evans, 2016). Kilning restricts microbial activities and also greatly 
reduces the total microbial count in kilned malt (Follstad and Chris-
tensen, 1962; Noots et al., 1998). Heat-tolerant Ascomycetes spp., such 
as Candida spp. and Pichia spp., were commonly recovered from kilned 
malt (Laitila et al., 2011). 

Changes in the grain-associated microbial community compositional 
structure during the malting process can be beneficial or detrimental to 
the malt end-product (Laitila, 2008). For example, the enrichment of 
LAB can restrict the growth of other bacteria or pathogenic fungal spe-
cies, such as Fusarium spp., throughout malting and wort production 
(Linko et al., 1998). For the same reason, starter cultures of functional 
LAB (e.g. Lactobacillus spp.) or wort solution fermented by LAB strains 
have been used to reduce fungal load and improve malt characteristics 
(Laitila et al., 2006b; Oliveira et al., 2015; Peyer et al., 2017). Justé et al. 
(2011) showed that Candida and Arthrobacter are also beneficial to the 
malting process by producing hydrolytic enzymes for breaking down 
grain macromolecules into sugar for fermentation. Undesired fungal and 
bacterial growth can prolong the beer-making process and negatively 
affect the quality of the malt end product in terms of turbidity, 
off-flavors, and textures (Bokulich and Bamforth, 2013; Laitila et al., 
2011). This, in turn, has detrimental consequences due to poor con-
sumer perceptions, leading to financial loss. Of particular concern to the 
brewing industry are fungi, such as certain Fusarium species, that pro-
duce mycotoxins that can survive the brewing process (Gonzalez Per-
eyra, 2011; Wolf-Hall, 2007). In addition to inhibiting yeast growth 
during the fermentation process (Bokulich and Bamforth, 2013), my-
cotoxins can also be immunosuppressive agents and have been associ-
ated with health disorders (e.g., cancer, haematological disorders, and 
endocrine dysfunction, etc.) (Rodríguez-Carrasco et al., 2015). Certain 
species of Fusarium are also associated with hydrophobin production 
and proteolytic activity; the latter can increase free amino acids, reduce 
solubility, and lengthen the beer-making process (Geiβinger et al., 
2019). An additional problem encountered is premature yeast floccu-
lation (PYF), which occurs when cells of the brewer’s yeast prematurely 
agglutinate and settle, resulting in incomplete fermentation and 
off-flavors in beer (Justé et al., 2011; Lake and Speers, 2008; van Nierop 
et al., 2006). Previous research suggested that PYF activities can be 
induced by complex polysaccharides such as arabinose and xylose 
degraded from arabinoxylan in barley husk. The quantity and quality of 
these PYF factors were found to have a strong association with high 
fungal load and their extracellular enzymes and possibly, high steeping 

pressure (Lake and Speers, 2008; Panteloglou et al., 2012; van Nierop 
et al., 2006). Exopolysaccharides, produced by certain Pseudomonas spp. 
and lactic acid bacteria, can negatively affect wort separation (Justé 
et al., 2011) and result in beer with an oily texture (Bokulich and 
Bamforth, 2013). Thus, some constituents of the grain-associated mi-
crobial community have a major impact on malt consistency and quality. 

Earlier studies and reviews of the microbial members of the malting 
environment relied on culture-dependent and/or DNA fingerprinting 
methods (Bianco et al., 2018; Kaur et al., 2015; Laitila et al., 2007; Li 
et al., 2018). The former detects only viable and culturable community 
members, while the latter cannot reveal raresphere or provide taxo-
nomic information (Kaur et al., 2015; Laitila et al., 2007). Used along or 
coupled with culture-dependent methods, high throughput sequencing 
(HTS) can comprehensively recover microbial communities of barley 
grains and malts (Bokulich et al., 2012; Chen et al., 2016; Justé et al., 
2014; Laitila et al., 2018; Østlie et al., 2021). Fungal-bacterial in-
teractions have been studied in the production of other fermented foods 
such as cheese and wine using next-generation sequencing (Wolfe and 
Dutton, 2015). However, the interactions between these communities at 
various stages of barley malting require further study. 

This study aimed to comprehensively characterize the dynamics of 
the barley grain-associated epiphytic fungal and bacterial communities 
through the commercial malting process; and to obtain a better under-
standing of their ecological functions and associations relevant to malt 
quality and safety. We hypothesize that the changes in the grain- 
associated microbiota are suggestive to malting efficiency and end- 
malt quality. The barley and malt epiphytic microbial communities 
were profiled by metabarcoding the fungal internal transcribed spacer 
(ITS) 2 region and the bacterial 16S rRNA gene V1–V4 region using the 
454 pyrosequencing technology. We used the 454 pyrosequencing 
instead of the Illumina sequencing platforms because the former was 
widely used when this study was carried out (2014–2016). Earlier 
studies also showed that several tens to several hundred putative fungal 
or bacterial species were recovered from individual grains (Chen et al., 
2016; Links et al., 2014), suggesting the sequencing depth provided by 
pyrosequencing was sufficient for the microbial diversity survey of this 
study. By characterizing the taxonomic and functional groups associated 
with different malting stages, we identified microbial bioindicators 
potentially linked to malting efficiency and PYF. 

2. Materials and methods 

2.1. Sampling of malting barley and kilned malts 

In 2014, barley (n = 12) of undisclosed cultivar and malt samples 
generated from said barley (n = 24) were sourced from a commercial 
malthouse located in western Canada. Barley grains were cleaned and 
steeped, in alternative wet and dry periods with aeration, under a 
controlled temperature range of 13–20 ◦C for a total of 36–48 h to bring 
the grain moisture content to 40–45%. At this stage, the barley grains 
were first soaked in water in conical bottomed steep to bring the 
moisture to 35–38%, then were sprayed with water to bring the moisture 
up to 40–45% in a flat bottomed steep. The steeped grain was then 
transferred to the germination vessels with temperature control using a 
constant flow of fully humidified air at 15–20 ◦C for 3–5 days. The 
germinated grain was finally kilned to reduce the grain moisture to ~4% 
following a programmed heating regime with air-on temperature 
elevating from 50 ◦C to 85 ◦C for 20–24 h. The malting barley was 
germinated and dried in separate kilns (kiln1 and kiln2) under the same 
condition. The malt end products were collected after kilning. 

Barley harvested near the malting house, but that did not undergo 
the malting process, was also included in this study (Table 1). The 
cultivar types for these samples included: AC Metcalfe (n = 3), CDC 
Copeland (n = 2), CDC Meredith (n = 2), and CDC Kindersley (n = 2). 
These samples were designated as “control” to differentiate them from 
barley that underwent malting (designated as “malting barley” in this 
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Table 1 
Metadata and alpha-diversity indices associated with the samples used in the current study.         

Fungal ITS2 Bacterial 16S 

ID Stage Variety Sample Process Ergosterol 
(μg/g) 

PYF Shannon- 
True 
Diversity 

Chao1 
index 

Coverage Shannon- 
True 
Diversity 

Chao1 
index 

Coverage 

B245- 
Barley-st 

Steeped unknown B245 Steeping 4.84  12 263 0.98 17 439 0.98 

B245-Malt- 
K1 

Malt unknown B245 Kiln 1 8.65 0.95 10 171 0.99 35 466 0.98 

B245-Malt- 
K2 

Malt unknown B245 Kiln 2 7.23 0.97 13 167 0.99 33 455 0.98 

B251- 
Barley-st 

Steeped unknown B251 Steeping 4.13  10 284 0.98 20 362 0.98 

B251-Malt- 
K1 

Malt unknown B251 Kiln 1 6.06 0.98 11 145 0.99 55 548 0.98 

B251-Malt- 
K2 

Malt unknown B251 Kiln 2 6.45 0.99 8 171 0.99 70 585 0.98 

B254- 
Barley-st 

Steeped unknown B254 Steeping 6.06  10 235 0.98 10 332 0.99 

B254-Malt- 
K1 

Malt unknown B254 Kiln 1 8.52 0.96 6 104 0.99 57 539 0.98 

B254-Malt- 
K2 

Malt unknown B254 Kiln 2 8.97 0.96 7 112 0.99 48 616 0.98 

B262- 
Barley-st 

Steeped unknown B262 Steeping 4.13  9 201 0.99 37 387 0.98 

B262-Malt- 
K1 

Malt unknown B262 Kiln 1 7.1 1.09 21 252 0.98 20 388 0.98 

B262-Malt- 
K2 

Malt unknown B262 Kiln 2 7.61 1.13 14 223 0.99 48 649 0.97 

B265- 
Barley-st 

Steeped unknown B265 Steeping 4.84  16 261 0.98 16 297 0.99 

B265-Malt- 
K1 

Malt unknown B265 Kiln 1 6.97 1.1 3 105 0.99 62 548 0.98 

B265-Malt- 
K2 

Malt unknown B265 Kiln 2 6.26 1.07 5 143 0.99 29 450 0.98 

B267- 
Barley-st 

Steeped unknown B267 Steeping 5.48  9 182 0.99 18 384 0.98 

B267-Malt- 
K1 

Malt unknown B267 Kiln 1 6.26 1.12 4 108 0.99 71 611 0.98 

B267-Malt- 
K2 

Malt unknown B267 Kiln 2 6.18 1.15 2 175 0.99 75 516 0.98 

B270- 
Barley-st 

Steeped unknown B270 Steeping 5.36  13 206 0.98 20 302 0.99 

B270-Malt- 
K1 

Malt unknown B270 Kiln 1 7.09 0.71 7 137 0.99 62 428 0.98 

B270-Malt- 
K2 

Malt unknown B270 Kiln 2 8.55 0.7 7 68 1.00 43 557 0.98 

B283- 
Barley-st 

Steeped unknown B283 Steeping 7.09  12 263 0.98 65 577 0.98 

B283-Malt- 
K1 

Malt unknown B283 Kiln 1 9.27 0.96 22 340 0.98 80 538 0.98 

B283-Malt- 
K2 

Malt unknown B283 Kiln 2 8.18 0.9 19 261 0.98 42 614 0.97 

B285- 
Barley-st 

Steeped unknown B285 Steeping 3.82  11 263 0.98 22 386 0.98 

B285-Malt- 
K1 

Malt unknown B285 Kiln 1 5.18 0.86 6 140 0.99 72 541 0.98 

B285-Malt- 
K2 

Malt unknown B285 Kiln 2 6.09 0.87 7 126 0.99 34 476 0.98 

B306- 
Barley-st 

Steeped unknown B306 Steeping 3.64  8 209 0.98 20 349 0.98 

B306-Malt- 
K1 

Malt unknown B306 Kiln 1 9.09 1.02 9 148 0.99 45 458 0.98 

B306-Malt- 
K2 

Malt unknown B306 Kiln 2 6.27 1.02 7 173 0.99 49 371 0.99 

B317- 
Barley-st 

Steeped unknown B317 Steeping 5  10 259 0.98 40 399 0.98 

B317-Malt- 
K1 

Malt unknown B317 Kiln 1 11.41 0.99 19 255 0.98 42 459 0.98 

B317-Malt- 
K2 

Malt unknown B317 Kiln 2 9.64 1.04 12 229 0.98 48 475 0.98 

NC-13-04 Barley Kindersley NC-13- 
04 

Field 
barley 

9.51  13 191 0.99 29 463 0.98 

NC-13-05 Barley AC_Metcalfe NC-13- 
05 

Field 
barley 

6.16  8 158 0.99 24 394 0.98 

NC-13-16 Barley Copeland 7.67  9 222 0.99 18 300 0.99 

(continued on next page) 
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study). This resulted in 9 field barley, 12 steeped barley, and 24 malt 
samples, for a total of 45 samples in this study. 

2.2. Estimation of total fungal biomass and premature yeast flocculation 
(PYF) 

The total fungal biomass on barley and malt samples was estimated 
by determining the ergosterol content using the GC–MS method as 
described previously (Chen et al., 2016; Dong et al., 2006). 

To test the malt samples for premature yeast flocculation (PYF), we 
used the miniature fermentation assay (ASBC Yeast-14) recommended 
by the ASBC (ASBC, 2022; Kaur et al., 2014). It is recognized that there is 
some debate regarding PYF assays; however, for the current study the 
ASBC Yeast-14 recommended assay was used. Fifty grams (50.0 ± 0.05 
g) of each sample were ground in duplicate using a grist mill set to the 
ASBC ‘fine’ standard (ASBC Malt-4). Samples were mashed according to 
the ASBC Congress standard mashing regime (ASBC Malt-4) using a 
mash bath. A total of 100 g malt yielded sufficient wort to complete a 
‘miniature fermentation’ assay (30 test-tube fermenters with 15 mL of 
wort each). After completion of the mash cycle, samples were filtered 
through coarse fluted filter paper to remove solids and boiled for 10 min 
over high heat. The subsequent wort samples were cooled and stored 
overnight at 5 ◦C. Following a cold break, the wort samples were 
centrifuged at 5000 rpm for 15 min. Prior to fermentation, the wort 
samples were placed in sterile beakers and each wort was adjusted to a 
final density of 12.6 oP with sterile water and D-glucose. The adjusted 
wort samples were oxygenated by bubbling medical-grade compressed 
oxygen. Stock yeast from Wyeast (Odell, OR, USA) was washed three 
times with sterile water, mixed, and centrifuged. The yeast was sus-
pended in 100 mL of sterile water and enumerated according to the 
methods of ASBC Yeast-4: a small aliquot of the water-washed yeast 
slurry was diluted with 0.1 N sodium acetate buffer and the number of 
cells assessed using a hemocytometer. The sterile wort samples were 
pitched with the water-washed yeast at a rate of 1.5 × 107 cells/mL. The 
pitched wort samples were aseptically distributed to the 30 sterile 
fermentation tubes (15 mL each) containing sterile boiling stones. Each 
tube was stoppered with a sponge bung and the tubes were set to 
ferment (in a water bath) at 21 ◦C until sampling. Samples were taken at 
0, 1, 3, 19, 23, 26 43, 47, 51, 67, 71, 74 h, or as close to these times as 
was practical. At each reading, the samples were tested for density and 
absorbance. Absorbance was measured at 600 nm from the top 3.5 ml of 
each of two tubes transferred to clear-sided cuvettes. Positive (PYF+ve) 
and negative (PYF-ve) PYF control malts were tested with each set of 
samples. 

To quantify the degree of PYF in malt samples, we developed a pu-
tative quantification method based on the observation that the absor-
bance readings for PYF-ve controls were relatively high as the yeast cells 

remained suspended in the fermenting wort samples almost for the 
entire duration of the tests. By contrast, the absorbance readings for 
PYF+ve controls remained high for about 30 h of the fermentation ex-
periments and dropped drastically between 40 and 55 h of fermentation 
and thereafter. Therefore, the PYF value was expressed for each sample 
as a percentage of the average absorbance between 40 and 55 h of 
fermentation in relation to the values (100%) obtained for the PYF-ve 
controls. We acknowledge that this in-house developed PYF quantifi-
cation assay requires confirmation with greater numbers of PYF-ve and 
PYF+ve samples from a broad range of origins and to be further vali-
dated by commercial malthouse. 

2.3. Extraction of genomic DNA from seed-associated epiphytic 
microbiomes 

All barley and malt samples were processed directly after sampling. 
The malting barley and kilned malt samples were washed as described 
by Chen et al. (2016). Briefly, 25 g of the whole grain of each sample was 
incubated in buffered peptone water at room temperature, shaking at 
200 rpm for 1 h. The samples were then pelleted by centrifugation and 
the supernatant was removed. Pellets were lysed with Genomic DNA 
Buffer 1 (Qiagen, Venlo, Limburg, Netherlands), lysozyme, proteinase K, 
RNase A, and lyticase (all from Sigma, St. Louis, Missouri, USA), and 
subsequently in Genomic DNA Buffer 2 (Qiagen, Venlo, Limburg, 
Netherlands). DNA was extracted with chloroform/isoamyalcohol and 
then precipitated with isopropanol. The purified DNA pellet was resus-
pended in Tris buffer pH 8.0 and stored at − 30 ◦C. DNA was quantified 
using a Quant-IT Picogreen DNA kit (Life Technologies Inc., Grand Is-
land, New York, USA) and a fluorometer. 

2.4. Amplicon library preparation and high-throughput sequencing 

At the time of the study, the 454 pyrosequencing platform was 
widely used and was chosen for sequencing the ITS and 16S rRNA gene 
metabarcodes, using the following methods. The DNA libraries were 
prepared and sequenced as described previously in Chen et al. (2016). 
The fungal ITS region was amplified with ITS5 forward primer (5′- GGA 
AGT AAA AGT CGT AAC AAG G -3′) and ITS4 reverse primer (5′- TCC 
TCC GCT TAT TGA TAT GC-3′) (White et al., 1990). The forward 
UNBacF primer (5′- GAT CCT GGC TCA GGA TGA AC -3′) and reverse 
UNBacR primer (5′- GGA CTA CCA GGG TAT CTA ATC -3′) were used to 
amplify the bacterial 16S V1–V4 region as described previously (Chen 
et al., 2018b). All primers were fused with unique 24-nucleotides MID 
(Roche Multiplex Identifiers) barcodes. ITS regions were amplified 
following the PCR conditions listed in Chen et al. (2016). Amplicons 
were purified with the PureLink PCR Micro Purification kit (Invitrogen 
now Life Technologies Inc., Grand Island, New York, USA), quantified 

Table 1 (continued )        

Fungal ITS2 Bacterial 16S 

ID Stage Variety Sample Process Ergosterol 
(μg/g) 

PYF Shannon- 
True 
Diversity 

Chao1 
index 

Coverage Shannon- 
True 
Diversity 

Chao1 
index 

Coverage 

NC-13- 
16 

Field 
barley 

NC-13-17 Barley Meredith NC-13- 
17 

Field 
barley 

5.66  8 268 0.99 23 408 0.98 

NC-13-18 Barley AC_Metcalfe NC-13- 
18 

Field 
barley 

4.86  9 133 0.99 22 374 0.98 

NC-13-21 Barley Kindersley NC-13- 
21 

Field 
barley 

4.4  9 198 0.99 19 333 0.99 

NC-13-36 Barley AC_Metcalfe NC-13- 
36 

Field 
barley 

6  10 134 0.99 22 451 0.98 

NC-13-37 Barley Copeland NC-13- 
37 

Field 
barley 

8  8 168 0.99 19 414 0.98 

NC-13-38 Barley Meredith NC-13- 
38 

Field 
barley 

8.51  5 188 0.99 19 436 0.98  
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with the Nanodrop ND-1000 (Thermo Fisher Scientific Inc. Waltham, 
Massachusetts, USA), and normalized to 50 ng/μL. Eight replicates of 24 
equimolar MID-tagged amplicon libraries were pooled and tagged with 
454 pyrosequencing adaptor L. Unidirectional 454 pyrosequencing was 
completed at the Aquatic and Crop Resource Development Research 
Centre of the National Research Council of Canada in Saskatoon, SK. All 
samples were sequenced in one run. 

2.5. Pyrosequencing data processing 

The 454-pyrosequencing platform generated raw sequencing reads 
at different lengths, ranging from 350 to 750 bp. The ITS metabarcodes 
were processed using the bioinformatics pipelines described in Chen 
et al. (2016) with a few modifications. Demultiplexed raw sequences 
were trimmed using trim.seqs in MOTHUR (version 1.35.1) with a 
window size of 10, a qwindow average of 25, and a minimum length of 
100. Chimeric sequences were removed using chimera.uchime in 
mothur against the UNITE fungal ITS reference database (version 8.2, 
released on 2020-02-20). The ITS1 and ITS2 regions were extracted 
using ITSx 1.1.2 (Bengtsson-Palme et al., 2013). Our previous study 
showed that the fungal communities recovered by the same primer pair 
and 454-pyrosequencing had similar diversity based on ITS1 or ITS2 
regions (Chen et al., 2016), but the ITS1 region of some fungal taxa (e.g., 
rust fungi) contains indels that impede direct sequencing and analyses 
(Chen et al. 2018c, 2021). Therefore, we decided to use the ITS2 region 
for this study. ITS2 sequences shorter than 100 bp were removed. The 
quality ITS2 sequences were clustered in to Operational Taxonomic 
Units (OTUs) at 97% sequence identity using CD-HIT-EST (version 
4.8.1) (Fu et al., 2012). The representative sequences of OTUs were 
assigned to taxonomic lineages using q2-feature-classifier (Bokulich 
et al., 2018) implemented in QIIME2 (Bolyen et al., 2019) against the 
UNITE ITS database (version 8.2). 

The raw 16S rRNA gene V1–V4 metabarcodes were quality-trimmed 
using the parameters listed above. Chimeric sequences were removed 
using chimera.uchime in MOTHUR against the SILVA Gold database 
(https://drive5.com/uchime/gold.fa). The quality sequences were 
clustered in to OTUs at 97% similarity using CD-HIT-EST. The repre-
sentative sequences were classified against the Greengenes database 
(version May 2019, pre-clustered at 97% sequence identity) using q2- 
feature-classifier implemented in QIIME2. 

OTUs containing a single sequence (singletons) were removed. 
Functional guilds in the fungal and the bacterial communities were 
annotated using FUNGuilds (Nguyen et al., 2016) and FAPROTAX 
(Louca et al., 2016), respectively. Because the FAPROTAX database was 
constructed mainly for marine and freshwater microbiomes, the 
Phylogenetic Investigations of Communities by Reconstruction of Un-
observed States 2 software (PICRUSt2, version 2.3.0-b) was also used to 
predict the metagenome functional content (gene families and MetaCyc 
pathways) from the 16S rRNA gene OTUs (Douglas et al., 2020). 

2.6. Statistical analyses 

Data analysis and visualization were carried out in R environment (R 
Core Team, 2020). After removing the samples (1 steeped and 2 kilned) 
with low sequencing reads, the final bacterial and fungal OTU tables 
contained 42 samples of 1) the raw field barley grains that were not 
subjected to the malting process (field barley, n = 9); 2) the malting 
barley grain samples that went through the steeping process (steeped 
barley, n = 11); and 3) kilned malts, which went through germination 
and were subsequently kilned in two separate chambers under the same 
kilning condition (kiln1, n = 11; kiln2, n = 11). The OTU tables were 
normalized to the same sample size (fungal ITS2 OTU n = 3829 reads; 
bacterial 16S rRNA gene OTU n = 6108 reads) prior to statistical anal-
ysis. Corrections were made to the ITS2 OTU tables for generic syno-
nyms using the list provided in Supplementary Table S1. 

To calculate the alpha- and beta-diversity indices, functions in vegan 

(Oksanen et al., 2018), entropart (Marcon and Hérault, 2015), or RAM 
(Chen et al., 2018a) were used. Shannon-Weiner (SW) and Gini-Simpson 
(GS) indices were converted to true diversity indices, which allowed for 
direct comparison of real diversity (Jost, 2006). To assess the differences 
in abundance of OTUs, taxonomic groups, or functional guilds at 
different malting stages, Kruskal-Wallis rank sum tests were performed, 
followed by post-hoc pairwise tests in R. The influence of malting stages 
on the divergence of the fungal or bacterial community compositional 
structure was visualized by the non-metric multidimensional scaling 
(NMDS) based on Bray-Curtis distance matrices. The differentially 
abundant MetaCyc pathways predicted by PICRUSt2 were determined 
using DESeq2 (Love et al., 2014), with a stringent threshold set at |log2 
fold change| ≥ 2 and the FDR adjusted p-value ≤ 0.05. 

To reconstruct the cross-kingdom ecological networks, OTUs with 
>0.1% abundance in any sample (1465 bacterial and fungal OTUs) were 
retained. The abundance table was Hellinger transformed and then 
uploaded to the Molecular Ecology Network Analysis Pipeline (MENAP, 
http://ieg4.rccc.ou.edu/mena/) (Deng et al., 2012). The pipeline 
computed Spearman rank correlation coefficients and reconstructed the 
networks using a fast-greedy modularity optimization algorithm as 
described previously (Chen et al., 2018b). The networks were visualized 
in Gephi 0.9.2 (Bastian et al., 2009). Nodes with <2◦ were removed. 

2.7. Sequencing data accessibility 

All raw sequencing data are accessible in Sequence Read Archive 
(SRA) under BioProject PRJNA661245 (https://dataview.ncbi.nlm.nih. 
gov/object/PRJNA661245). 

3. Results 

After normalizing the OTU tables to equal sample size (n = 3829 
reads for fungal ITS2 OTU; n = 6108 reads for bacterial 16S rRNA gene 
OUT), we recovered 54–192 fungal OTUs (98.68 ± 0.41% coverage), 
and 177–360 bacterial OTUs (98.10 ± 0.35% coverage) for each sample, 
respectively. The high coverage (>98%) suggested that the sequencing 
depth provided by the pyrosequencing technology sufficiently recovered 
the species diversity of the grain-associated microbiome in this study. 
The number of reads assigned to each taxonomic rank is shown in 
Supplementary Table S2. Of the 758 fungal OTUs, 569 were assigned to 
Ascomycota (representing 80.3% of total reads), while the rest were 
Basidiomycota (19.7%). The 1468 bacterial OTUs were assigned to 
Actinobacteria (702 OTUs, representing 66.0% of total reads), Firmi-
cutes (397, 24.9%), Proteobacteria (165, 6.4%), and Bacteroidetes (196, 
2.7%). Gemmatimonadetes, TM7, and Acidobacteria were also detected 
but at extremely low abundance (≤5 OTUs and <0.003% of total reads). 
The relative abundance of the most abundant taxa at each taxonomic 
rank is shown in Supplementary Figs. S1 and S2. 

3.1. Diversity and compositional shift in fungal and bacterial communities 
through the malting process 

The alpha-diversity of the fungal community increased after steeping 
(p < 0.05) and then decreased after kilning based on the Chao1 index (p 
≤ 0.05), but not the Shannon-Wiener-based true diversity index (p >
0.05) (Fig. 1A,C). An opposite trend was observed for the bacterial 
communities, in which the alpha-diversity increased significantly after 
malting (Chao1, p < 0.01; Shannon’s TD, p < 0.001) (Fig. 1B,D). No 
significant difference in the diversity of fungal and bacterial commu-
nities was detected between the malts collected from different kilning 
chambers. The compositional structure of both fungal (ANOSIM R =
0.51, p ≤ 0.001) and bacterial communities (R = 0.69, p ≤ 0.01) shifted 
significantly through the malting process, as shown in the NMDS plots 
(Fig. 1E and F). 

In the epiphytic mycobiota, the Ascomycota abundance increased 
from 45.1 ± 21.8% (MEAN ± SD) in field barley grain to 64.3 ± 7.5% in 
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Fig. 1. Diversity of the fungal and bacterial communities associated with the field barley grains, steeped barley grains, and kilned malts at the OTU level. Alpha- 
diversity indices of (A & C) fungi and (B & D) bacteria at the three malting stages (with malt samples separated depending on the kilning batch). Beta-diversity 
analysis using non-metric multidimensional scaling (NMDS) ordination plots based on the Bray-Curtis distances of the (E) fungi and (F) bacteria communities, 
calculated for hellinger transformed OTU abundance matrices. Significant differences in relative abundance between barley and malt are denoted by: ***p ≤ 0.001; 
** 0.001 < p ≤ 0.01; * 0.01 < p ≤ 0.05. 

Fig. 2. Changes in the abundance of (A) fungal genera, (B) fungal genera containing mycotoxin-producing species groups, (C) bacterial phyla, and (D) bacterial 
genera, through the malting process. (E) The phylogenetic tree of the 38 Fusarium ITS OTUs recovered through the malting process. 
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steeped grain samples (Tukey’s adjusted p < 0.05), and further increased 
to 90.5 ± 11.0% in malt end products (p < 0.0001, Supplementary 
Fig. S1). By contrast, the Basidiomycota abundance decreased 
throughout the process, from 54.9 ± 21.8% in field grain to 30.7 ± 7.5% 
in steeped grain (p < 0.05), and then to 6.1 ± 11.0% in malts (p <
0.0001). Of the 48 fungal genera recovered, Cladosporium (51.7 ± 9.3% 
in field barley, 51.8 ± 5.2% in steeped barley), Sporobolomyces (21.4 ±
6.1%, 14.0 ± 3.8%), Cryptococcus (11.9 ± 4.1%, 12.2 ± 2.4%), and 
Bullera (4.1 ± 2%, 2.1 ± 1.1%) were most abundant in field barley and 
steeped barley samples. Candida (55.8 ± 32.5%), Cladosporium (9 ±
15.9%), and Pichia (7.6 ± 11.8%), were most abundant in malt samples 
(Fig. 2A, Supplementary Fig. S1). Aureobasidium, Candida, Fusarium, 
Pichia, and Wickerhamomyces were enriched, while Bullera, Cladospo-
rium, Cryptococcus, Dioszegia, Phaeosphaeria, and Sporobolomyces were 
depleted in malt samples (absolute value of log2 Fold Change <2, FDR 
adjusted p < 0.0001) (Fig. 2A). 

FUNGuild assigned 206 ITS OTUs as potential plant pathogens, of 
which none were identified as “highly probable” pathogens. The 106 
OTUs annotated as probable plant pathogens (2.1% in abundance) 
belong to Ascochyta, Claviceps, Rhodotorula, Ustilago, Leptosphaeriaceae, 
Mycosphaerellaceae (including Ramularia), Phaeosphaeriaceae, and 
Pleosporaceae (including Bipolaris, Chalastospora, Drechslera, and Pleo-
spora). The 100 OTUs that were considered possible plant pathogens 
(35.1% in abundance) belong to Acremonium, Alternaria, Aureobasidium, 
Camarosporium, Cladosporium, Fusarium, and Microdochium. Of these 
fungal genera, only Aureobasidium (p ≤ 0.05) was increased while Cla-
dosporium (p ≤ 0.0001) was decreased significantly in abundance 
through the malting process. Mycotoxin-producing fungi were recov-
ered in low abundance in both barley grains and malts. Aspergillus (3 
OTUs, 0.01%) and Claviceps (6, 0.06%) did not change significantly in 
abundance through the malting process (FDR adjusted p > 0.05). 
Alternaria (16 OTUs, 1% in abundance) was highest in steeped samples 
and was significantly reduced in malt (p < 0.05), whereas Fusarium (34, 
1.2%) was significantly increased in malt after the kilning process (p <
0.0001) (Fig. 2B). Based on BLAST results and phylogenetic analysis, 
Fusarium OTUs were classified to F. culmorum, F. equiseti, F. graminearum, 
F. langsethiae, F. poae, and F. sporotrichioides (Fig. 2C). 

Of the eight bacterial phyla recovered from the barley grain and the 
malt surface, Proteobacteria (along with 9 genera in this phylum) were 
depleted (p < 0.0001), while members of the Firmicutes, particularly the 
Lactobacillales order, which includes lactic acid bacteria (LAB), were 
enriched (p < 0.01) through the malting process (Fig. 2D). We recovered 
157 known bacteria genera from both barley and malt samples, of 
which, Arthrobacter (17.4 ± 2.2%), Leuconostoc (9.2 ± 1.4%), and 

Paenibacillus (9.0 ± 1.1%) were most abundant. Xanthomonas, Pedo-
bacter, and Luteimonas decreased in abundance through the malting 
process (log2FC < − 2, FDR adjusted p < 0.01). Arthrobacter, Coryne-
bacterium, Leuconostoc, Lactococcus, Microbacterium, Sanguibacter, 
Sphingobacterium, and Streptococcus were enriched in malt (p ≤ 0.05) 
(Fig. 2E). The relative abundance of all LAB OTUs, except for those of 
Aerococcus spp., increased through the malting process (≤2% in barley 
grains but increased to 23% in the kilned malts) (Fig. 3A). Core LAB 
recovered include Lactobacillus, Leuconostoc, Lactococcus, and Strepto-
coccus, while peripheral LAB recovered include Aerococcus, Carno-
bacterium, Enterococcus, Tetragenococcus, Vagococcus, and Weissella. 

3.2. Bacteria and fungi correlated to PYF 

Only the kilned malt samples were tested for PYF, which ranged from 
0.70 to 1.15, with a median of 0.99 (Table 1). A PYF value > 1 was 
considered PYF-ve (PYF inhibiting), while a PYF value < 1 was 
considered PYF + ve (PYF inducing). Among the OTUs with more than 
0.01% abundance (seven sequence reads), four fungal OTUs (belonging 
to Candida, Nectriaceae, Pleosporaceae) and six bacterial OTUs 
(belonging to Arthrobacter, Chryseobacterium, Leucobacter, Micro-
bacterium, Streptococcus, and Wautersiella) were significantly correlated 
to PYF-negative (PYF-ve) and were considered PYF-inhibiting (qvalue 
≤0.05). The OTUs associated with PYF-positive (PYF+ve), i.e. hypoth-
esized to induce PYF, included six fungal and six bacterial OTUs (qvalue 
≤0.05) (Fig. 3B). Of the potential PYF-inducing OTUs, the most abun-
dant three were identified as Aureobasidium spp. (3.5 ± 3.6%), Candida 
spp. (1.0 ± 2.1%), and nectriaceous species (0.4 ± 0.9%) and were 
significantly enriched through the malting process. These potential in-
dicators showed high correlation with the samples had the highest and 
lowest PYF values (Fig. 3B). However, the majority of the OTUs that 
potentially induced PYF were found in low abundance in the epiphytic 
microbiome of malts, which may suggest the proliferation or growth of 
these microbes may not be the direct cause of PYF. The total fungal 
biomass, represented by ergosterol content of fungal cell wall, ranged 
from 3.64 to 11.41 μg/g and was not correlated to PYF occurrence (p ≥
0.05) (Fig. 3B, Table 1). 

3.3. Prediction of bacterial community functionality 

Although the seed-associated bacterial communities may have rela-
tively smaller contribution to the degradation of starch and endosperm 
cell walls compared to the vast bulk of hydrolytic enzymes released by 
the host during malting, it is still interesting to explore the potential 

Fig. 3. (A) Enrichment of lactic acid bacteria through the malting process. (B) Fungal and bacterial OTUs associated with PYF-positive (PYF+ve) and PYF-negative 
(PYF-ve) samples. The PYF value in Fig. 3B was scaled to zero mean and unit variance. 
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functions of the bacterial taxa in facilitating the malting process. The 
weighted nearest sequenced taxon index (weighted NSTI) score sug-
gested that the average bacterial OTUs in our samples can be predicted 
from close relatives (95 ± 7% identity) by PICRUSt2. It was predicted 
that the steeping process potentially induced pathways (Fig. 4) affiliated 
with the degradation of aromatic compounds, amines and polyamines, 
amino acids, starch, nucleosides and nucleotides, and antibiotic resis-
tance, as well as enzyme cofactor biosynthesis. This is attributed to the 
enrichment of Arthrobacter, Lactococcus, Microbacterium, Streptococcus 
etc. during steeping (Supplementary Table S3). The kilning process 
further enriched pathways affiliated with glycolysis and phenolic 
degradation, potentially due to the enrichment of Arthrobacter, Lacto-
coccus, Leuconostoc, Microbacterium, Streptococcus, Sanguibacter, and 
Corynebacterium, etc. In contrast, the steeping and kilning processes 
combined were predicted to suppress glucose degradation, L-tryptophan 
degradation to 2-amino-3-carboxymuconate semialdehyde, L-tyrosine 
degradation I, L-histidine degradation II, ppGpp biosynthesis, NAD 
biosynthesis II (from tryptophan) and NAD salvage pathway II, and 
tRNA process. 

3.4. Co-occurrence ecological networks 

Co-occurrence network analysis showed a shift in the cross-kingdom 
interactions through the malting process. The inter-kingdom networks 
contained 380 nodes (OTUs) (3820 edges) for the field barley samples, 
527 nodes (6558 edges) for the steeped barley samples, and 308 nodes 
(483 edges) for the kilned malt samples (Fig. 5). The steeped commu-
nity, therefore, formed the largest and the most densely connected 
network with the highest average degree (the average number of edges 
per node was 14.9), while the malt network was the smallest and least 
connected with the lowest average degree (an average of 1.99 edges per 
node) (Supplementary Table S4). 

The proportion of negative interactions decreased through the 
malting process. The malt community had much fewer negative in-
teractions (4.8%) than either the field barley (24.6%) or steeped barley 
communities (23.5%) (Fig. 5). The antagonistic relationships between 
the bacterial fermenters (e.g. LAB Leuconostoc spp. and Lactococcus spp.) 
and potential fungal pathogens (e.g.: Ramularia spp., Chalastospora spp., 
and some Fusarium spp.) were observed in field and steeped barley 
networks, but not in the malt network, despite that LAB and Fusarium 
were significantly enriched through the malting process (Fig. 2A, B, D, 
Fig. 5). By contrast, some potential plant pathogens and fermenters (e.g. 

Fig. 4. A heatmap showing the metabolic pathways that were potentially enriched or depleted through the malting process.  
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Streptococcus, Lactobacillus, and Weissella) in the malt ecological network 
displayed positive correlations. 

4. Discussion 

We characterized the epiphytic fungal and bacterial communities of 
barley grains and malts and identified microbial indicators associated 
with different stages of the malting process as well as malt quality 
measured by PYF. The predicted functional roles of the microbial com-
munities and the cross-kingdom co-existence patterns were also exam-
ined, suggesting the influential roles of the microbial communities 
during the malting process. 

This study revealed yeasts, filamentous fungi, and bacteria from the 
epiphytic microbiome of barley and malt grains which underwent sig-
nificant changes during the malting process (Fig. 1E & F). Our results 
support previous studies where the microbial profiles in barley and malt 
were vastly different (as reviewed by Noots et al. (1998), Justé et al. 
(2011), and Bokulich and Bamforth (2013)). However, malting affected 
the fungi and bacterial community differently. The diversity of the 
fungal community temporally increased after steeping but decreased 
significantly after kilning (Fig. 1A & C) as also suggested by Justé et al. 
(2011). A similar trend in yeasts was observed by Li et al. (2018) based 
on culture-dependent approaches, however, the authors reported an 
increase in filamentous fungi load after kilning. In contrast, our study 
showed that the bacterial diversity increased significantly after malting 
due to the enrichment of lactic acid bacteria (LAB) (Fig. 1B & D, Fig. 3A). 
Østlie et al. (2021) and Li et al. (2018) reported a significant increase in 
bacterial diversity in germinated barley grains, which may decrease 
after kilning (Li et al., 2018). Similarly, Petters et al. (1988) reported 
that kilning reduced the viable counts of the aerobic heterotrophic 

bacteria and filamentous fungi to the levels of the field barley, but that of 
the LAB can be 1000-fold higher than that in dry barley grains. Despite 
the observation that trends in diversity differed, the malting process 
increased the community compositional structure heterogeneity of both 
the fungal and the bacterial communities (Fig. 1E & F). Such shift in 
community composition, together with the fact that all bacterial and 
fungal OTUs were found in both barley and malt samples, suggest that 
the majority, if not all, taxa recovered originated from the barley grains 
and were proliferating and growing at different rates through malting. 
Considering high-throughput sequencing of environmental DNAs de-
tects both viable and non-viable targets (Jofre and Blanch, 2010), this 
observation may also suggest that the DNAs of suppressed microor-
ganisms may have not been fully degraded after the malting process and 
therefore detected by high throughput sequencing. No significant 
discrepancy in diversity or compositional structure was noted between 
samples from different kilning chambers. 

The barley grain-associated bacterial community was dominated by 
Curtobacterium, Clavibacter, Leucobacter, and Salinibacterium, all of which 
belong to the Microbacteriaceae family. This observation indicates the 
transmission of microbes from the root to the seeds since the barley root 
microbiome is noted for the enrichment of Microbacteriaceae (Bulgarelli 
et al., 2015; Wang et al., 2016). Xanthomonas, commonly detected in 
barley grain after harvesting (Justé et al., 2011), was also found abun-
dant in this study. The LAB (Lactobacillales) were significantly enriched 
after malting (Li et al., 2018) due to the nutrient-rich environment 
(Arimah and Ogunlowo, 2014). In particular, yeasts such as Candida spp. 
can stimulate LAB growth by providing essential metabolites (Wuliji-
deligen et al., 2013), which was supported by the positive correlations 
between LAB and Candida spp. discovered in this study. Positive corre-
lations between LAB and Arthrobacter spp. (53 OTUs) were also observed 

Fig. 5. Co-occurrence networks of fungal and bacterial OTUs in (A) field barley grains, (B) steeped barley grains, and (C) kilned malts. Fungal and bacterial OTU 
nodes are shown in blue and pink, respectively. Correlations are depicted by the green (positive correlations) or purple (negative correlations) linkages. Nodes are 
proportionally sized depending on their degree. Top figures display the whole ecological network, while bottom figures show the associations between fermentation 
bacteria and potential plant pathogens. Barley and steeped barley networks are larger, more connected, and have a higher proportion of negative interactions than 
those of kilned malts. The malt community has a higher proportion of bacteria with fermentation capacities that are positively correlated. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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in this study, possibly due to the ability of Arthrobacter spp. to catabolize 
the lactic acid generated by LAB strains (Monnet et al., 2010). We also 
observe a positive correlation between the yeasts and Arthrobacter spp. A 
previous study showed that yeasts (e.g., Candida and Pichia) can 
consume the glucose in the malting environment and allow for the 
production of extracellular amylase enzymes capable of hydrolyzing 
starch in Arthrobacter (Smith and Zahnley, 2005). However, high tem-
perature during steeping and kilning may significantly suppress such 
microbial activities. 

LAB are known as important producers of organic acid or secondary 
metabolites that can inhibit the growth of other bacteria and fungi, and 
therefore dominate the malt microbiome (Alvarez-Sieiro et al., 2016; 
Lowe and Arendt, 2004; Sadiq et al., 2019; Xiraphi et al., 2008). In this 
study, Leuconostoc was the most abundant LAB, possibly because some 
Leuconostoc species can produce bacteriocins against other LAB, plant 
pathogens, or spoilage organisms (Hitendra et al., 2015; Xiraphi et al., 
2008). This is supported by the negative correlations between Leuconstoc 
spp. and Xanthomonas spp. as well as Xylella spp. in the present study. 
Recent studies showed that LAB strains isolated from wine fermenta-
tions had the potential to promote the growth of tomato plants and to 
protect the plants from Fusarium oxysporum infection (López-Seijas et al., 
2020). 

The fungal community was composed of both Ascomycota (e.g. 
Cladosporium, Cryptococcus) and Basidiomycota (e.g. Sporobolomyces) in 
barley grains; but was dominated by Ascomycota spp. in malts, mainly 
Candida and Pichia, with some Pichia spp. being classified as tele-
omorphs of Candida spp. (Chen et al., 2016; Justé et al., 2011; Østlie 
et al., 2021). The high abundance of xerophilic fungi associated with 
barley may have been encouraged by dry storage conditions after har-
vesting, while the heat-tolerant ascomycetes species associated with 
malts were able to withstand the high kilning temperatures (Laitila 
et al., 2011). Candida spp. were abundant in most of the malt samples in 
this study, except for sample B364, where a high proportion of Wick-
erhamomyces was recovered. Wickerhamomyces anomalus secretes toxins 
that can inhibit Candida growth (Farkas et al., 2012; Li et al., 2018), 
possibly accounting for this observation. Furthermore, in this study, 
Fusarium spp. were significantly enriched in malts, which was also re-
ported by other studies (Bokulich and Bamforth, 2013; Laitila et al., 
2002). Similarly, Justé et al. (2011) observed an exponential increase in 
Fusarium spp. load in germinated malts, however, their abundances 
decreased after kilning. This discrepancy may be attributed to an inef-
ficient drying process of the germination bed at the kilning step, 
therefore allowing for continued microbial proliferation, as suggested by 
Noots et al. (1998). A recent study has shown that Fusarium spp. located 
on the husk, vascular bundle, and pericarp cavities of barley grains can 
continue to grow their hyphal into the endosperm and embryo through 
the malting process (Jin et al., 2021). The presence of certain Fusarium 
spp. in malt has been attributed to many brewing problems, such as 
reducing barley germination, mycotoxin production, gushing, and 
degrading the colour and taste in beer (Jin et al., 2021; Salas et al., 1999; 
Sarlin et al., 2012; Wolf-Hall, 2007). Therefore, some bacterial or fungal 
taxa can inhibit the proliferation of Fusarium spp. and/or other 
mycotoxin-producing fungi, may help alleviate the above brewing 
issues. 

Considering bacteria and fungi form close physical associations on 
barley grains, their interactions are inevitable (Frey-Klett et al., 2011) 
through the malting process, which can be revealed by molecular 
ecological network analysis as demonstrated by studies in different 
ecosystems (Legrand et al., 2019; Li and Wu, 2018; Zhang et al., 2020). 
For example, LAB and yeasts (e.g. W. anomalus, Aureobasidium pullulans, 
and certain Candida spp.) may inhibit mould growth by competing for 
space or nutrients, as well as producing exotoxins with antimicrobial 
activities (Lowe and Arendt, 2004; Peyer et al., 2016). Juodeikiene et al. 
(2018) demonstrated the selected LAB strains and their metabolites 
were able to inhibit the growth of Fusarium species and to reduce the 
production of mycotoxins, including zearalenone, deoxynivalenol, T-2, 

and HT-2 toxins. The enrichment of LAB and the yeasts and yeast-like 
fungi in malt may account for the low levels (less than 3.5% of the 
total relative abundance) of mycotoxin-producing fungi found in this 
study. However, molecular ecological network reconstruction revealed 
disconnected bacteria fermenters and fungal OTUs (belonging to Cryp-
tococcus, Sporobolomyces, Hannaella, Alternaria, and Fusarium) in the 
malt-associated microbiome (Fig. 5C). The elevated temperature at the 
kilning step may have compromised the effectiveness of some antimi-
crobial compounds by inhibiting their production or by changing the pH 
(Lax et al., 2020). In addition, the decrease in competitive (negative) 
cross-kingdom interactions may indicate a decrease in community sta-
bility (Coyte et al., 2015; de Vries et al., 2018). Therefore, compared 
with the barley grain microbiome, the kilned malt microbiome may be 
more vulnerable to environmental perturbations, which could lead to a 
drastic shift in microbial diversity and compositional structure and 
consequently, a reduced level of consistency in malt quality. The ca-
pacity of the beneficial bacterial and yeasts to inhibit the pathogens or 
spoilage organisms require further investigation. 

PYF causes incomplete fermentation, lowers the alcohol content, and 
produces off-flavoured beer (Panteloglou et al., 2012). Although the 
exact cause of PYF is still unknown, microbial growth is hypothesized to 
play a role (Kaur et al., 2012; van Nierop et al., 2008). We identified 
both fungal (e.g. Candida spp., Aureobasidium spp. and members of 
Nectriaceae) and bacterial OTUs that were correlated to PYF (Fig. 3B). 
This is in contrast to the findings of Kaur et al. (2012) where an asso-
ciation between bacteria and PYF was negligible. Kaur et al. (2012) used 
terminal restriction fragment length polymorphism to identify the mi-
crobial malt community, whereas high-throughput sequencing was 
applied in this study. The different detection methods may have allowed 
for the identification of additional bacterial taxa, resulting in their as-
sociation to PYF. Barley exposed to Cochliobolus sativus and 
F. graminearum were found to display PYF characteristics after malting 
(MacIntosh et al., 2014). However, we did not detect an association 
between PYF and Cochliobolus (anamorphs Bipolaris, Curvularia) or 
Fusarium, which may be attributed to the low abundance of both genera 
recovered from this study. Panteloglou et al. (2012) found the degra-
dation of arabinoxylans in barley husks can generate bridging poly-
saccharides thereby encouraging PYF. Genes encoding arabinoxylan 
hydrolases were found in the Lactobacillus genome (Michlmayr et al., 
2013), we however did not observe an association between Lactobacillus 
spp. with PYF. Most recently, Shang et al. (2022) reported that PYF can 
be inhibited by recombinant barley xylanase inhibitor produced by 
transformants of Pichia pastoris during fermentation of PYF+ve worts, 
confirming the importance of arabinoxylan in PYF formation as also 
suggested by van Nierop et al. (2004). We also noticed that Candida spp., 
Arthrobacter spp., and Leucobacter spp. were abundant in PYF-ve malt 
samples, therefore our study cannot conclusively associate these mi-
crobes with PYF, and the exact nature of how these microorganisms are 
associated with PYF remains to be elucidated. Further investigation 
including sampling through the fermentation stages and monitoring the 
changes of these microbes and their secondary metabolites may even-
tually reveal the true cause of PYF to aid brewers to improve the con-
sistency of their product. 

We acknowledge that the current study focused only on the epiphytic 
microbiota of the grains, while the endophytic communities colonising 
the seeds were not explored. Nonetheless, in this study, the steeping 
process was predicted to promote the metabolic pathways of the bac-
terial communities affiliated to the degradation of carbohydrates such as 
aromatic compounds, polyamine and amino acids, sugars, etc., sug-
gesting their involvement in the endosperm cell wall and starch degra-
dation and consequently important for germination (Andriotis et al., 
2016). Interestingly, it was predicted that the degradation of phenolic 
compounds was stimulated by the kilning process, which may result in 
the increase of phenolic antioxidant compounds in malts and potentially 
improve the health-promoting properties of the end-products of the 
brewing process (Carciochi et al., 2016; Xu et al., 2020). Notably, more 
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pathways were predicted to be inhibited than promoted by the malting 
process. The repression of the degradation of L-tryptophan, L-tyrosine, 
L-histidine, NAD biosynthesis (Fig. 4), etc. through the malting process, 
perhaps suggested that the malt microbiome suffered from nutrients and 
energy starvation (Traxler et al., 2008). Our study showed that bacteria 
(e.g. members of Arthrobacter, Brachybacterium, Cellulomonas, Clav-
ibacter, Paenibacillus, Pseudomonas, and Sphingobacterium) and fungi (e.g. 
members of Cryptococcus, Sporobolomyces, Aureobasidium, Bullera, 
Candida, and Cladosporium) that can produce hydrolytic enzymes (Lai-
tila et al., 2006a; Malfliet et al., 2013) were in general enriched in the 
kilned malt and could have contributed to malting efficiency. We 
acknowledge that malting is a rather selective process, during which the 
high temperatures at steeping and kilning may suppress microbial ac-
tivities. Yet, certain microorganisms may be able to survive, and their 
signals can be captured through high-throughput sequencing. Although 
speculative, PICRUSt provides some insights into their potential roles or 
even survival strategies in such unique niches. 

5. Conclusions 

The microbial community of field and steeped barley grains and 
kilned malts at a commercial malthouse in western Canada was char-
acterized using a metabarcoding approach. The fungal diversity 
decreased while the bacterial diversity increased through the malting 
process. We also identified fungal and bacterial taxa potentially having 
high hydrolytic enzymatic activity and those associated with PYF+ve or 
PYF-ve malts. While lactic acid bacteria (LAB) and Fusarium spp. were 
significantly enriched in malts, these bacterial fermenters and phyto-
pathogens did not show strong interactions in malts through ecological 
network analysis. Future studies should measure additional malt quality 
indicators and integrate proteomics and metabolomics to investigate the 
underlying mechanisms of grain and malt microbiomes in affecting the 
quality of malt end products. 
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López-Seijas, J., García-Fraga, B., da Silva, A.F., Sieiro, C., 2020. Wine lactic acid 
bacteria with antimicrobial activity as potential. Biocontrol Agents against Fusarium 
oxysporum f. sp. lycopersici. Agronomy. 10 (1), 31. https://doi.org/10.3390/ 
agronomy10010031. 

Louca, S., Parfrey, L.W., Doebeli, M., 2016. Decoupling function and taxonomy in the 
global ocean microbiome. Science 353 (6305), 1272–1277. 

Love, M.I., Huber, W., Anders, S., 2014. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 https://doi.org/ 
10.1186/s13059-014-0550-8. 

Lowe, D.P., Arendt, E.K., 2004. The use and effects of lactic acid bacteria in malting and 
brewing with their relationships to antifungal activity, mycotoxins and gushing: a 
review. J. Inst. Brew. 110 (3), 163–180. https://doi.org/10.1002/j.2050-0416.2004. 
tb00199.x. 

MacIntosh, A.J., MacLeod, A., Beattie, A.D., Eck, E., Edney, M., Rossnagel, B., Speers, R. 
A., 2014. Assessing the effect of fungal infection of barley and malt on premature 

W. Chen et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.chom.2015.01.011
https://doi.org/10.1016/j.chom.2015.01.011
https://doi.org/10.1007/s13197-016-2393-7
https://doi.org/10.1007/s13197-016-2393-7
https://CRAN.R-project.org/package=RAM
https://CRAN.R-project.org/package=RAM
https://doi.org/10.1094/phyto-01-21-0020-r
https://doi.org/10.1094/phyto-01-21-0020-r
https://doi.org/10.3389/fmicb.2018.02301
https://doi.org/10.3389/fmicb.2018.02301
https://doi.org/10.1094/phyto-01-21-0020-r
https://doi.org/10.1094/phyto-01-21-0020-r
https://doi.org/10.1016/j.agee.2016.03.030
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1038/s41467-018-05516-7
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1021/jf060149f
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1556/ABiol.63.2012.2.9
https://doi.org/10.1556/ABiol.63.2012.2.9
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref27
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref27
https://doi.org/10.1128/am.10.4.331-336.1962
https://doi.org/10.1128/mmbr.00020-11
https://doi.org/10.1128/mmbr.00020-11
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1016/j.ijfoodmicro.2018.12.026
https://doi.org/10.1111/j.1472-765X.2011.03157.x
https://doi.org/10.1111/j.1472-765X.2011.03157.x
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref33
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref33
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref33
https://doi.org/10.1094/MPMI-01-21-0024-R
https://doi.org/10.1094/MPMI-01-21-0024-R
https://doi.org/10.1111/j.1365-2672.2010.04830.x
https://doi.org/10.1111/j.1365-2672.2010.04830.x
https://doi.org/10.1111/j.2006.0030-1299.14714.x
https://doi.org/10.1111/j.2006.0030-1299.14714.x
https://doi.org/10.1016/j.lwt.2017.10.061
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref38
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref38
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref38
https://doi.org/10.1016/j.fm.2013.10.010
https://doi.org/10.1007/s10295-012-1188-8
https://doi.org/10.1007/s10295-012-1188-8
https://doi.org/10.1016/j.ijfoodmicro.2015.08.019
https://doi.org/10.1016/j.ijfoodmicro.2015.08.019
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref25
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref25
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref25
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref25
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref25
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref42
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref42
https://doi.org/10.1046/j.1365-2672.2002.01731.x
https://doi.org/10.1046/j.1365-2672.2002.01731.x
https://doi.org/10.1002/j.2050-0416.2007.tb00250.x
https://doi.org/10.1002/j.2050-0416.2007.tb00250.x
https://doi.org/10.1007/s10295-006-0150-z
https://doi.org/10.1002/jib.509
https://doi.org/10.1021/jf052979j
https://doi.org/10.1007/s10482-010-9511-8
https://doi.org/10.1007/s10482-010-9511-8
https://doi.org/10.1094/TQ-45-3-0253
https://doi.org/10.1094/TQ-45-3-0253
https://doi.org/10.1038/s41559-020-1126-5
https://doi.org/10.1093/femsec/fiz056
https://doi.org/10.1093/femsec/fiz056
https://doi.org/10.3389/fmicb.2018.01521
https://doi.org/10.3389/fmicb.2018.01521
https://doi.org/10.1016/j.fm.2018.03.014
https://doi.org/10.1016/S0168-1656(98)00135-7
https://doi.org/10.1016/S0168-1656(98)00135-7
https://doi.org/10.1111/nph.12693
https://doi.org/10.1111/nph.12693
https://doi.org/10.3390/agronomy10010031
https://doi.org/10.3390/agronomy10010031
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref57
http://refhub.elsevier.com/S2665-9271(22)00126-5/sref57
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1002/j.2050-0416.2004.tb00199.x
https://doi.org/10.1002/j.2050-0416.2004.tb00199.x


Current Research in Food Science 5 (2022) 1352–1364

1364

yeast flocculation. J. Am. Soc. Brew. Chem. 72, 66–72. https://doi.org/10.1094/ 
ASBCJ-2014-0204-01. 

MacLeod, L.C., Evans, D.E., 2016. Barley: malting. In: Wrigley, C., Corke, H., 
Seetharaman, K., Faubion, J. (Eds.), Encyclopedia of Food Grains Vol. Volume 1 - the 
World of Food Grains. Oxford: Academic Press, London, pp. 423–433. 
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