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Abstract Premature yeast flocculation (PYF) is a spo-

radic fermentation problem in the brewing industry that

results in incomplete yeast utilization of fermentable sugars

in wort. Culture-independent, PCR-based fingerprinting

techniques were applied in this study to identify the asso-

ciations between the occurrence of the PYF problem during

brewery fermentation with barley malt-associated micro-

bial communities (both bacteria and fungi). Striking dif-

ferences in the microbial DNA fingerprint patterns for

fungi between PYF positive (PYF ?ve) and negative

(PYF -ve) barley malts were observed using the terminal

restriction fragment length polymorphism (TRFLP) tech-

nique. The presence of terminal restriction fragments

(TRFs) of 360–460 bp size range, for fungal HaeIII

restriction enzyme-derived TRFLP profiles appeared to

vary substantially between PYF ?ve and PYF -ve sam-

ples. The source of the barley malt did not influence the

fungal taxa implicated in PYF. TRFLP analysis indicates

bacterial taxa are unlikely to be important in causing PYF.

Virtual digestion of fungal sequences tentatively linked

HaeIII TRFs in the 360–460 bp size range to a diverse

range of yeast/yeast-like species. Findings from this study

suggest that direct monitoring of barley malt samples using

molecular methods could potentially be an efficient and

viable alternative for monitoring PYF during brewery

fermentations.
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Introduction

Representing an important process in the fermentation of

brewer’s wort into beer, yeast flocculation has been

intensively studied and is well understood [6, 41, 43–47,

51]. However, the understanding of the phenomenon of

premature yeast flocculation (PYF) lags behind, despite it

being studied for over 40 years. PYF is an intermittent

issue in the brewing industry that results in incomplete

utilization of fermentable sugars in the wort, resulting in

out of specification beer and disrupted brewing production

schedules, leading to significant economic losses for the

effected brewer [4].

Several substances in the wort derived from malt, par-

ticularly the barley husk, have been implicated in inducing

PYF [14, 25, 26]. It is most likely that the responsible

factor/s for PYF are produced as a result of microbial

contamination of barley grains in the field that lead to an

undesirable level of certain microbial taxa in the inocula

that proliferate during malting especially under favorable

warm and moist steeping, and presumably germination

conditions [2–5, 15, 39, 49, 55].
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The microbes associated with the barley husk secrete

enzymes that break down the cell wall of grains into dif-

ferent substances, some of which are utilized [49]. Certain

degradation products, such as acidic high molecular weight

polysaccharides, have been proposed to accelerate the

cross-linking of the lectin-like proteins on the yeast cell

surface, forming large aggregates or flocs of yeast cells.

Furthermore, during grain maturation and malting, micro-

bial stress triggers an anti-pathogenesis immunological

response by the barley grains, resulting in the accumulation

of plant defensins that include antimicrobial peptides.

These plant defensins have been suggested to also induce

PYF due to impairment of yeast cell metabolism, respira-

tion, and cell membrane integrity, causing irreversible cell

injuries [14, 26, 49, 53].

As the specific identity of the causal PYF factor/s has

not been achieved, to date no physical or chemical ana-

lytical methods have been developed to routinely detect the

presence of the PYF factor/s in malt or barley. Conse-

quently, the brewing industry relies on fermentation assays

[21, 22, 24, 27, 49], which are expensive, time-consuming,

and inconsistent [26]. Some success has been reported in

reducing the scale and increasing the speed of these assays,

although real problems remain in the transferability and

reproducibility of these assays between testing laboratories.

The lack of consensus with respect to selecting a universal

standard assay for PYF by the brewing industry is a sub-

stantial problem, which makes comparison of research

reports on PYF difficult, as one assay may deem a partic-

ular malt batch PYF-positive, while another assay may not.

In addition, a positive result in the test may not necessarily

translate into a problem in the brewery, or vice versa.

Despite the consensus of opinion being that PYF stems

from microbial contamination of barley/malt, relatively

little work has been reported on linking specific barley or

malt microbial taxa with PYF malt [5, 39, 49, 54, 56]. Most

of these studies have used traditional culture-dependent

approaches of microbial detection and identification

(except for work done by Sasaki et al. [39]) that often result

in an incomplete understanding of the true microbial

diversity present in a malting ecosystem. Furthermore,

nearly all of the reported work has been directed towards

fungal studies with little effort being devoted to bacteria. It

is possible that the occurrence of PYF is dependent on the

interactions between microbial taxa or could be caused by

different taxa.

In this study, terminal restriction fragment length poly-

morphism (TRFLP) finger printing of barley malt microbes

(both bacteria and fungi) was used to identify the structures

of microbial communities that were associated with the

incidence of PYF by comparing 41 geographically diverse

PYF-positive (PYF ?ve) and PYF-negative (PYF -ve)

commercial barley malts. This identification is anticipated

to eventually provide the basis for a diagnostic assay for

avoiding malts with high PYF potential. The TRFLP

approach is a PCR-based genetic fingerprinting technique

that is widely used to monitor spatial and temporal changes

in microbial community structure [23, 30, 35, 48]. Fur-

thermore, construction of clone libraries in parallel to the

TRFLP analysis was undertaken to assess and interpret the

TRFLP profiling data utilizing the same set of PCR primers

[31, 40, 52] in order to determine whether specific taxa are

responsible for causing PYF.

Materials and methods

Barley malt samples

Primary experiment

A total of 32 kilned barley malt (malt hereafter) samples

(included two PYF ?ve and one PYF -ve control malts)

were obtained from five different commercial maltsters and

brewers from three intercontinental locations (Table 1).

Due to the commercial sensitivity of the PYF problem, the

providers and their locations are not shown. The positive

control malt samples had exhibited PYF characteristics

during commercial brewery fermentation and their PYF

status were determined using the small-scale fermentation

assay as described in Lake et al. [27]. For the remaining 29

malt samples, the PYF status was determined by their

Table 1 Detail of barley malt samples and their PYF status as assessed by providers

Location Provider Number of malt samples (primary experiment) Number of malt samples (secondary experiment)

PYF ?ve PYF -ve PYF ?ve PYF -ve

Location 1 1 8 8 – –

4 2 – 9 PYF status unknown before TRFLP analysis

Location 2 3 2 (control) 1 (control) 2 (control) 1 (control)

5 1 2 – –

Location 3 2 5 3 – –
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providers using either one of the Asahi [22], Kirin [21], or

SAB—Miller [49] fermentation tests for PYF. For statis-

tical analyses, these malt samples were grouped as PYF -

ve and PYF ?ve malts (based on the providers’ designa-

tion) and geographical locations 1, 2, and 3.

Secondary experiment

A further 12 malt samples (three controls from the above

32 malts and nine new malt samples) from two providers

were tested by TRFLP analysis (with only HaeIII restric-

tion enzyme for fungal analysis) to validate the discrimi-

nation between PYF -ve and PYF ?ve malts based on the

observed TRF peak differences in a partial blind trial

(Table 1). For nine of these new malt samples, the PYF

status of the samples was unknown before being analyzed

with TRFLP assay.

DNA extraction and PCR

Collected samples were stored, no longer than 1 month, in

airtight bags at room temperature before grinding. Samples

were ground in a Cyclone Sample Mill using a 0.1-mm

screen (UDY Corporation, Fort Collins, CO, USA) and

stored immediately at -20�C until being used for DNA

extraction. Cross contamination between samples was

avoided by blowing high-pressure dry air through the

grinding mill and collection container in between the

samples and taking only the middle portion of the ground

sample from the container for analysis.

Genomic DNA from ground samples (0.1 g) was

extracted in duplicate with the FastDNA� Spin Kit for Soil

(Q-Biogene, Carlsbad, CA, USA) according to the manu-

facturer’s instructions except that the samples were

homogenized with a Retsch MM300 bead beater (Retsch

GmbH, Haan, Germany) at 30 Hz for 4 min. Immediately

after extraction, DNA samples were stored at -20�C until

further use.

Extracted DNA was PCR amplified using bacterial 16S

rRNA 50 D3 WellRED dye-labeled 27F (AGA GTT TGA

TCM TGG CTC AG) forward and 50 D4 WellRED dye-

labeled 1492R (TAC GGY TAC CTT GTT ACG ACT T)

reverse primer pair (Sigma-Proligo, TX, USA) as described

by Gurtler and Stanisich [16]. Each 60-ll reaction mixture

contained 30 ll of 2 9 ImmoMix RedTM, 22.5 ll of

DNAase/RNAase—free water (Bioline, Sydney, NSW,

Australia), 3 ll of each forward and reverse primers

(10 pmol) and 1.5 ll genomic DNA template. The PCR

consisted of an initial denaturation at 95�C for 10 min fol-

lowed by 30 cycles of 94�C for 1 min, 55�C for 1 min, and

72�C for 2 min. The final extension was at 72�C for 10 min.

50 D3 WellRED dye-labeled NL1 forward (GCA TAT

CAA TAA GCG GAG GAA AAG) and 50 D4 WellRED

dye-labeled NL4 (GGT CCG TGT TTC AAG ACG G)

reverse primers [11, 37] specific to D1/D2 domain of the

26S rRNA gene were used for PCR amplification of malt-

associated fungal communities. The PCR was performed as

described above except that the number of cycles was

increased to 35. To check the purity and size of PCR

amplicons, 5 ll of each reaction mixture was run on a

1.5 % agarose gel (w/v) stained with 500 ng/ml ethidium

bromide. The PCR product was purified using Ultra-

CleanTM PCR Clean-up Kit (MoBio Laboratories Inc.,

Carlsbad, CA, USA) according to the manufacturer’s

instructions and visualized again on a 1.5 % agarose gel to

determine purification efficiency.

TRFLP analysis of bacterial and fungal communities

Microbial community fingerprint patterns (based on 16S

rRNA and D1/D2 domain of 26S rRNA genes for bacterial

and fungal communities, respectively) were obtained with

the TRFLP approach. Aliquots of purified DNA were

digested with HaeIII, MspI, and RsaI (for bacterial PCR

samples) and HaeIII, HinfI, and RsaI (for fungal PCR

samples) restriction enzymes (NewEngland Biolabs Inc.,

Ipswich, MA, USA) at 37�C for 3 h on a thermocycler and

the reactions were stopped by a further incubation at 80 or

65�C, depending upon the restriction enzyme used for

20 min. Three restriction enzymes were used to eliminate

false-positives and pseudo-terminal restriction fragments

[10], which can occur when using only one restriction

enzyme. The digested labeled fragments were desalted and

purified by ethanol precipitation using 3 M sodium acetate

(pH 5.2) with glycogen as a carrier molecule. Cleaned

fragments were mixed in a 30-ll formamide sample load-

ing solution and 0.25 ll of Beckman Coulter size standard

600 (Beckman Coulter Australia Pty Ltd., Sydney, NSW,

Australia). Fragments were obtained by capillary electro-

phoresis on a Beckman Coulter CEQ8000 automated

sequencer using modified Frag-4 (injection of 2.0 kV/30 s,

run at a capillary temperature 50�C/4.8 kV for 1.5 h).

Terminal restriction fragments (TRFs) thus obtained were

analyzed using the Beckman Coulter fragment analysis

package version 8.0. Profiles were generated for each

sample in duplicate based on relative area (abundance) of

peaks whereby a peak height threshold was set to 5 % and

only TRFs between 60 and 640 bp sizes were used for

further analysis.

Statistical analysis of TRF data

Raw fragment data for bacterial and fungal communities

obtained from Beckman Coulter CEQ8000 genetic analysis

system were imported into Microsoft Excel software. As

samples were processed in duplicate, T-Align (Web-based
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software) was used to obtain a single fragment data

whereby fragments were binned with a 1.0 base confidence

that also culled any fragments not present in duplicate

samples [42]. The resultant data set was imported into the

multivariate statistical software package Primer v6 (Pri-

mer-E Ltd, Plymouth Marine Laboratory, Plymouth, UK)

and a similarity matrix of relative abundance data was

calculated utilizing the Bray-Curtis coefficient [7]. A two-

way crossed analysis of similarity (ANOSIM, PERMA-

NOVA) was applied to examine the statistical significance

of any relationship present between sample groups (PYF

status and sample location). Percent dissimilarity contri-

butions of TRFs between sample sets were determined

using SIMPER analysis [1, 8, 38]. TRFs were identified by

virtually digesting clone library sequences with restriction

enzymes used in this study using BioEdit 7.0.5.3 software

(Ibis Biosciences, Carlsbad, CA, USA).

For the above-mentioned statistical analyses for 32 malt

samples (primary experiment), fungi and bacteria were

treated separately and the relative abundance data of for-

ward and reverse TRFs obtained from all the three

restriction enzymes were pooled together. For the other 12

malt samples (secondary experiment), the relative abun-

dance data of forward and reverse TRFs obtained from

HaeIII restriction enzyme (for fungi only) were pooled for

statistical analyses.

TRFLP electropherograms of all the malt samples from all

restriction enzymes, both for bacteria and fungi, were ana-

lyzed visually. The electropherograms for the HaeIII digests

used for fungal analysis showed clear visual differences

between PYF ?ve and PYF -ve malts; therefore these were

assessed and studied in detail. Depending upon number and

relative abundance of HaeIII-derived TRFs peaks in the

360–460 bp range, the PYF ?ve and PYF -ve malt samples

were scored on a 0–5 scale in duplicate followed by aver-

aging. The score increased with increasing number and

intensity of these peaks. In addition, the area under the peaks

was also calculated for all the malt samples in duplicate. To

account for loading variation the abundance of these peaks

was normalized by dividing the peak area with the total peak

area obtained for all HaeIII-derived TRFs. Thereafter, box

plots were created based on the TRFLP score, log10 of

average peak area, and normalized peak area by using JMP�

version 5.1 software (SAS Institute Inc., Cary, NC, USA).

ANOVA was performed using Microsoft Excel 2010.

Correlation between log10 average peak area and visual

electropherograms scores was calculated.

Small-scale fermentation assay

Twelve malt samples, a subset of the 32 samples from

primary experiment, were analyzed by the small-scale

fermentation assay as described by Lake et al. [27]. The

t test was applied to the small-scale fermentation assay

parameters using JMP� version 5.1 software.

Clone library construction, sequencing,

and phylogenetic analysis

Three fungal and three bacterial clone libraries were gen-

erated from DNA extracted from three control malt

samples.

Bacterial 16S rRNA gene and fungal 26S rRNA gene

amplicons obtained from selected samples were cloned

using the TOPO TA Cloning� Kit (Invitrogen, Carlsbad,

CA, USA), following the manufacturer’s instructions. The

correct insert size in each clone was checked by vector-

targeted PCR (primers M13F and M13 R) and agarose gel

electrophoresis. PCR amplicons were purified using the

UltraCleanTM PCR Clean-up Kit. Clones were sequenced

using the BigDye Terminator Ready Reaction mix

sequencing reaction kit and reactions were resolved on an

automated DNA sequencer (Applied BioSystems). The

sequences were edited using BioEdit [17] and compared to

then GenBank database using the Blastn algorithm.

The 26S rRNA fungal gene sequences were aligned with

sequences from GenBank database using ClustalW align-

ment application, checked manually and a phylogenetic

tree was created using the Neighbour-Joining algorithm in

BioEdit. The 26S rRNA sequence for Chytridium lagena-

ria was used as an outgroup in the Neighbor-Joining

analysis. Phylogenetic differences among fungal commu-

nities associated with three malts were assessed using

weighted UniFrac significance and P tests for each pair of

malt samples based on 100 permutations in UniFrac [32].

Nucleotide sequence accession numbers

The nucleotide sequences generated in this study have been

deposited in the GenBank database under the accession

numbers JX005948–JX006033, HQ143267.

Results

Malt-associated microbial diversity

Three 26S rRNA gene clone libraries were constructed for

the fungal communities from two PYF ?ve and one PYF -

ve malts. In all, 301 (94 for PYF ?ve control 1, 102 for

PYF ?ve control 2 and 105 for PYF -ve control libraries),

good-quality sequences (600–640 bp in length) were

obtained and further analyzed. Database comparisons

indicated that most of the sequences had 97–100 %

homology to known 26S rRNA fungal sequences (Fig. 1).

Most of the clones recorded in this study appeared to be
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fungal taxa generally found associated with plant and soil-

based ecosystems. All sequences were grouped into the

phyla Ascomycota (81–88 %) and Basidiomycota (8–19 %)

with the exception of three clones belonging to Zygomy-

cota (3 %) in one of the clone libraries of two PYF ?ve

malts. Comparative abundance of different fungal genera in

PYF ?ve and PYF -ve malts is presented in Table 2 and

showed differences among samples with regard to type of

taxa and their abundances. However, phylogenetic differ-

ences observed among fungal communities associated with

the three control malts based on UniFrac significance or

p tests (p [ 0.1) were non-significant.

Three 16S rRNA gene clone libraries were also con-

structed for the bacterial community. The majority of the

bacterial clones detected were typical of those found in

agro-ecosystems as in the case of the fungi. The main

genera observed were Arthrobacter, Corynebacterium,

Curtobacterium, Microbacterium, Plantibacter, Rhodo-

coccus, Enterobacter, Klebsiella, Pantoea, Pseudomonas,

Stenotrophomonas, Xanthomonas, Enterococcus, Kurthia,

Lactococcus, Leuconostoc, and Streptococcus. No clear

differences in bacterial taxa composition could be observed

between the PYF ?ve and PYF -ve clone libraries (data

not shown).

Similarity of fungal and bacterial communities

associated with malts from different locations

and of different PYF status.

Two-way crossed ANOSIM analysis with PYF status of

malt samples as one factor and location as a second factor

was applied to observe variation in the fungal and bacterial

communities’ structures. To enable statistical analysis,

some of the PYF ?ve and PYF -ve malts were grouped

into geographical locations 1, 2, and 3. As some providers

did not have sufficient numbers of samples for valid sta-

tistical analysis, samples from more than one provider were

amalgamated to perform the required analyses. The sam-

ples grouped were from the same country or were from

countries that were adjacent to each other.

Combined ANOSIM analysis of the 32 malts, for which

the providers had determined PYF status, showed that in

fungal and bacterial communities’ structures of PYF ?ve

and PYF -ve malts the differences were not significant

(Table 3). The negative value for global R revealed more

within group dissimilarities than between groups when

comparing PYF ?ve and PYF -ve groups. Geographic

location of malt samples significantly influenced the fungal

and bacterial communities’ structures. Pair-wise compari-

son of geographically different malt groups revealed that

malts from location 1 were significantly different from

location 2 and 3 malts. There was no significant difference

between malts from locations 2 and 3.

With SIMPER analysis, the average percent dissimilar-

ity and the number of fungal and bacterial TRFs needed to

explain 90 % of this dissimilarity within groups was ana-

lyzed. When different malt groups were compared between

themselves, the PYF ?ve malts showed the least dissimi-

larity from PYF -ve malts (Table 3). The highest value

was observed for the location 1 and location 3 malt groups

closely followed by the location 1 and location 2 malt

groups.

In contrast to the above, when ANOSIM was performed

on the 12 malts with only HaeIII restriction enzyme, sig-

nificant differences were observed between PYF ?ve and

PYF -ve malts with regard to fungal community structure

(Table 3). Furthermore, PYF ?ve malts showed great

dissimilarity from PYF -ve malts within SIMPER analy-

sis. Also, the number of fungal TRFs constituting this

dissimilarity was lower than those observed in the primary

experiment.

Visual assessment of TRFLP electropherograms

The TRFLP electropherograms of all restriction enzymes,

for all malt samples, were visually analyzed in an attempt

to clarify the relationship between microbial population

composition and the occurrence of PYF. It was questioned

that if the causal PYF microbial taxa were minor electro-

pherogram features, the statistical comparison employed

might not detect this association. Representative electro-

pherograms are shown to indicate the typical distribution of

TRFs with respect to malt PYF status (Figs. S1–S2). It was

observed that for the fungal HaeIII-derived electrophero-

grams, the presence of TRFs of 360–460 bp, appeared to

vary substantially between PYF ?ve and PYF -ve malt

samples regardless of sample location, initially based on

three control samples (Fig. S1 A, C, E). The visual

assessment of the bacterial TRFLP electropherograms (Fig.

S1 B, D, F) did not indicate any obvious differentiation

between PYF ?ve and PYF -ve malts unlike the fungal

electropherograms. As such, bacterial TRFLP profiles were

not conducted during the secondary experiment. The fungal

HaeIII 360–460 bp TRFs scored on a 0–5 scale in terms of

peak number and relative abundance are shown in Fig. S2.

A good correlation (R2 = 0.9) was observed between

visual scores of electropherograms and log10 average peak

area of the 360–460 bp TRFs (Fig. S3).

The box plots of electropherogram score and average

peak area for 360–460 bp TRFs and normalized peak area

of HaeIII electropherograms were produced for all the malt

samples segregated into provider groups (Fig. S4). The

combined plot for all the PYF ?ve and PYF -ve malts

based on electropherogram visual score showed that

overall PYF ?ve malts tended to have a significantly

higher score (mean 2.5) than PYF -ve malts (mean 1.2),
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(p = 0.002—TRFLP/p = 0.027—providers’ PYF analy-

ses) (Fig. S4A). The combined plot for all the PYF ?ve

and PYF -ve malts based on average peak area showed

that overall PYF ?ve malts tended to have higher peak area

(mean 5.4) than PYF -ve malts (mean 4.7) (p = 0.0025—

TRFLP analysis/p = 0.048—provider’s PYF analyses)

(Fig. S4B). When normalized peak areas were compared

(Fig. S4C), the results were not significant (p = [ 0.29),

which indicated that the putative PYF causing taxa likely

constitute relatively minor components of the total micro

biota associated with the malt samples studied here.

Comparison of individual box plots for each of the malt

provider gave further insight into the identification of PYF

malts (Fig. S4). The malts from provider 3 were the control

samples, while nine of the 11 malts from provider 4 were

those examined in the secondary experiment in terms of

HaeIII TRF patterns. The PYF ?ve malts from providers 3

and 4 recorded higher average peak areas than PYF -ve

malts from these sources. Provider 1 indicated that the PYF

?ve malts they supplied were borderline in terms of their

PYF status. Consistent with this description, PYF ?ve malt

samples from provider 1 had a mean peak area close to 5.0.

This observation was consistent with the observation that

most PYF ?ve malts exceeded an average area of 5.0 and

that the PYF -ve samples from this provider had a slightly

lower mean peak area of 4.5. Malts from provider 2 tended

to possess higher average peak areas consistent with most

samples being PYF ?ve.

Relationship between small-scale fermentation assay

parameters and TRFLP assay

Twelve malt samples were analyzed using both the TRFLP

assay and the small-scale fermentation assay of Lake et al.

[27] and their results were compared with that of the malt

providers’ PYF designations (Table 4). Three different

diagnostic parameters from the small-scale fermentation

assay: (1) inflection point (M), (2) wort gravity (�Plato),

and (3) turbidity (A600) were grouped relative to the

TRFLP results. Turbidity was negatively correlated with

TRFLP electropherogram peak areas (correlation -0.80,

p \ 0.05) and scores derived for 360–460 bp TRFs (cor-

relation -0.82). No significant correlation could be

observed with either inflection point and or wort gravity.

Overall, malt samples that showed lower turbidity values,

indicative of greater flocculation in the small-scale fer-

mentation assay, also produced higher TRFLP peak areas/

scores. These samples tended to be PYF ?ve, suggesting

taxa corresponding to the 360–460 bp HaeIII TRFs

potentially could be responsible for PYF.

Connection of PYF presumptive HaeIII TRFs

with malt-associated fungi

The fungal sequences were virtually digested using the

same three restriction enzymes used to cleave the PCR

products from malt DNA. The lengths of these theoretical

Table 2 Abundance of fungal genera observed in different malt

samples

PYF ?ve

malt 1

PYF ?ve

malt 2

PYF -ve malt

Fungal genera Relative abundance (%)

Alternaria 1 4 9

Aspergillus 1 – –

Aureobasidium – 2 1

Botryotinia – – 1

Bulleromyces 1 – –

Candida 2 13 12

Chalastospora – 1 2

Cladosporium – – 4

Clavispora – 2 –

Cryptococcus 3 13 12

Filobasidium 1 – –

Fusarium 1 3 3

Geotrichum 40 18 3

Glonium – – 1

Hanseniaspora – – 10

Issatchenkia 1 – 3

Kabatiella – – 3

Kazachstania – 4 5

Nigrospora – – 3

Penicillium – – 1

Phaeosphaeria – 2 4

Pichia 5 16 1

Pyrenophora 3 16 15

Rhizopus 3 – –

Rhodotorula – – 1

Saccharomyces – 1 –

Sporobolomyces – – 6

Trichosporon 3 1 –

Wickerhamomyces 33 6 2

Fig. 1 Neighbor-Joining phylogenetic tree of the D1/D2 domain of

26S rRNA gene sequences from three control barley malt samples

(PYF ?ve 1, PYF ?ve 2, and PYF -ve), including known fungal

sequences from GenBank database (sequences with accession no.

followed by taxonomic binomial names) for comparison. The tree is

rooted using Chytridium lagenaria as an outgroup. Representative

sequences from three samples are incorporated. Each individual

sequence is labeled as PYF ?ve 1, PYF ?ve 2, or PYF -ve,

indicating the malt sample it belongs to followed by numbers in
parentheses, which indicate the number of times a sequence recorded

in the clone library. The names in bold letters show the sequences for

which the virtual digestion tentatively linked to HaeIII TRFs in the

360–460 bp size range of TRFLP profiles

b
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TRFs were calculated and sequences were assigned to

peaks found in the electropherograms. In all, the known

clones could be assigned to 38.7 % of the total 256 TRFs,

contributing 53.6 % average dissimilarity between PYF

?ve and PYF -ve malts (Table 3). Fifteen HaeIII TRFs

(367, 378, 388, 390, 414, 428, 430, 431, 437, 438, 441,

442, 454, 455, 459) of the 360–460 bp TRFLP region were

tentatively identified as Aureobasidium pullulans, Candida

intermedia, Candida natalensis, Candida silvae, Geotri-

chum candidum, Hanseniaspora sp., Kabatiella microst-

icta, Kazachstania exigua, Rhodotorula glutinis,

Sporobolomyces roseus, and Wickerhamomyces anomalus.

Discussion

Previous studies on PYF have generally been concentrated

on identifying the biochemical components that cause PYF

rather than attempting to identify the root cause (i.e., the

microbes associated with the PYF phenomenon during

brewery fermentation). Invariably, where the microbes

associated with PYF are identified, traditional ‘‘wet plate’’

culture techniques have been used. These results might be

biased towards the selective enrichment of fast-growing

microorganisms adapted to high substrate concentrations

that could potentially represent a minor fraction of the

resident microbial community. Furthermore, these studies

have generally investigated a relatively small number of

PYF ?ve and PYF -ve malt samples compared with

the 41 samples investigated in this study from different

providers of intercontinental locations. Cultivation-inde-

pendent, PCR-based fingerprinting techniques were applied

in this study to identify associations between the occur-

rence of PYF with microbial diversity and structural

composition. In addition, the PCR-based fingerprinting

approach was also expected to identify the microbial taxa

that would most likely be associated with the PYF problem.

TRFLP analysis and cloning and sequencing of bacterial

16S rRNA gene techniques were used to compare bacterial

community structures of the malts obtained. This is, to our

knowledge, the first study where bacterial communities

have been studied to ascertain if they are directly related to

the occurrence of PYF. Both similarities (ANOSIM) and

community pattern (SIMPER) analyses showed that there

were no differences between the TRF patterns of PYF ?ve

and PYF -ve malts for bacteria in the main set of 32 malt

samples (Table 3). Visual assessment of bacterial TRFLP

electropherograms also did not reveal obvious differences

between PYF ?ve and PYF -ve malts (Fig. S1). The

conclusion was that bacterial taxa were unlikely to be

important in causing PYF. This conclusion was consistent

with the views of Lemos et al. [29] and van Nierop et al.

[49], who reported that fungi produce far more extracel-

lular polysaccharide hydrolyzing enzymes (attributed to

cell wall degradation components that produce PYF fac-

tors) than bacteria and thus fungal infection was more

important with regard to PYF.

The combined statistical analyses of TRFLP data from

32 malt samples for all the three restriction enzymes

resulted in non-significant differences in fungal community

structures of PYF ?ve and PYF -ve malts. Whereas, the

visual observations and computation of 360–460 bp HaeIII

TRFs and statistical analysis of TRFLP data of 12 samples

showed overall qualitative and quantitative differences

between PYF ?ve and PYF -ve malts. The discrepancy

between these two results appeared mainly to stem from

the proportion of the specific TRFs constituting only a

minor fraction of the overall fungal community of a given

Table 3 ANOSIM pair-wise comparisons of barley malt PYF status and geographical locations based on TRFLP data, % average dissimilarity

realized by SIMPER analysis

Pair-wise comparison Fungi Bacteria

ANOSIM SIMPER ANOSIM SIMPER

R value p value (% dissimilarity) R value p value (% dissimilarity)

Primary experiment

PYF ?ve (18)–PYF -ve (14)a -0.087 0.956 53.6 (256)b -0.003 0.486 53.9 (190)

Location 1 (18)–Location 2 (6) 0.613 0.001 69.4 (278) 0.685 0.001 69.0 (210)

Location 1 (18)–Location 3 (8) 0.633 0.001 70.9 (254) 0.742 0.001 70.4 (208)

Location 2 (6)–Location 3 (8) 0.164 0.152 53.9 (329) 0.113 0.227 58.9 (254)

Secondary experiment

PYF ?ve (5)–PYF -ve (7) 0.602 0.016 74.3 (63)

Location 1 (9)–Location 2 (3) 0.475 0.086 66.8 (88)

The bold values are significant
a Figures in parentheses show number of barley malt samples analyzed in each group
b Figures in parentheses represent the number of TRFs observed in each group
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sample. Discrepancies between the results could also be

due to borderline fermentation test results that were

obtained by the sample providers, and in particular, pro-

vider 1. The lack of a standard protocol, even after more

than 40 years of research, has hindered definitive quanti-

fication of PYF malt [26, 27]. One likely factor contrib-

uting to inconsistent PYF status determination stems from

different nutritional compositions of the worts used for the

fermentation tests; generally no effort has been made to

standardize basic factors such as wort gravity or the con-

centration of zinc, which are routinely/often monitored or

adjusted in commercial breweries [18, 19, 33].

Despite non-significant differences in the fungal TRF

patterns of PYF ?ve and PYF -ve malts in the main set of

32 malt samples (Table 3), location was found to have a

significant effect on microbial community structure. This

geographical influence was not observed for the second set

of samples. In addition, the interaction between location

and PYF status was found not to be significant when

TRFLP data were analyzed using PERMANOVA analysis

(data not shown). Furthermore, the pattern of HaeIII

360–460 bp TRFs varied substantially between PYF ?ve

and PYF -ve malts regardless of location of the malt

sample. Thus, location of the malt did not seem to influence

the fungal taxa implicated in PYF.

ANOSIM of the TRFLP data for the HaeIII enzyme,

however, showed clear differences in fungal community

structures of PYF ?ve and PYF -ve malts (Table 3) and it

could be demonstrated that there is a correlation between

the abundance of HaeIII 360–460 bp TRFs and PYF status.

The diagnostic value of these TRFs was compared directly

with the small-scale fermentation assay developed by Lake

et al. [27] (which is gaining reputation in malting and

brewing industry/research) as a reference method. This also

allowed us to standardize malt PYF designation as positive

or negative based on the HaeIII 360–460 bp TRFs, thus

avoiding any inconsistency created with dissimilar PYF

fermentation tests used by different malt providers for PYF

designation. It was clearly shown that of the three diag-

nostic statistics produced by the small-scale fermentation

test, turbidity correlated strongly the TRFLP determination

of PYF (Table 4). That is, the PYF ?ve malt samples

tended to have less yeast cells in suspension (lower tur-

bidity) in wort, indicating their sedimentation due to floc-

culation. Lake (pers. comm.) also considered that the

turbidity results in the fermentation test [27] were most

definitive in identifying PYF malts. The diagnostic value of

this conclusion was confirmed because the turbidity mea-

surement is the determining feature of all the widely used

PYF fermentation assays [13, 21, 22, 24, 27, 34, 49, 50].

The presence of more than one diagnostic TRF suggests

involvement of multiple fungal taxa in the PYF problem.

Sasaki et al. [39] have also reported five different fungal

species belonging to three different genera being respon-

sible for causing PYF in malts they studied. Similar con-

clusions were also made by Blechová et al. [5], van Nierop

et al. [49], and Yang et al. [54].

Furthermore, the range of average peak area/visual score

of electropherogram rather than a discrete value for PYF

?ve malts, and also the presence of TRF peaks (although

in less number and abundance) in PYF -ve malts, sug-

gested that PYF-responsible microbes were also present in

the PYF -ve malts but at lower levels. The PYF phe-

nomenon appeared to occur only when their numbers

Table 4 Relationship between

different parameters of the

small-scale fermentation assay,

TRFLP assay (360–460 bp

TRFs), and barley malt

providers PYF assay, sorted

according to the small-scale test

turbidity (A600)

A common letter indicates a

non-significant difference.

Non shaded and shaded values
indicate PYF -ve and PYF ?ve

status, respectively

Location Inflection 
point (M) 

Wort 
gravity
(oPlato) 

Turbidity 
(A600) 

Electropherogram
score 

Av. peak 
area (log10)  

Normalized 
360 – 460 bp 
peak area 

TRFLP 
PYF 
status 

Provider’s 
PYF status 

17.2a 6.8c 0.109a 4 5.68 0.1143 +ve +ve 

16.9a 5.6bc 0.287b 2.5 5.56 0.0955 +ve +ve 

6.4c 0.334bc 3 5.41 0.0850 +ve +ve 

6.7c 0.353bc 5 5.87 0.1420 +ve +ve 

6.3c 0.457c 3 5.27 0.0682 +ve +ve 

0.458c 3 5.20 0.0521 +ve +ve 

19.2a 5.5b 0.554cd 2.3 5.09 0.0701 -ve +ve 

6.2c 0.644d 1 4.77 0.0780 -ve +ve 

5.15 0.0994 -ve -ve 

2

2

1 23.0b

1 22.7b

2 23.2b

2 23.8b 5.6bc

1

1 25.5b

1 22.1b 5.9bc 0.694de 1 4.77 0.0700 -ve -ve

2 25.1b 4.3a 0.716de 2 5.11 0.0676 -ve -ve

1 21.2ab 5.7bc 0.824e 1.8

2 23.2b 6.5c 0.853e 0.3 4.74 0.0782 -ve -ve 
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increase above a certain threshold. This might be the rea-

son that Herrera and Axcell [20] found PYF factor (PAS I)

in all tested malts, although the concentration of this factor

in malts producing normal fermentation patterns was lower

than those causing PYF. van Nierop et al. [49] have also

suggested that PYF flocculation coincided with heavy

infection of barley, resulting in severe degradation of grain

and up-regulation of antimicrobial factor synthesis such as

defensins or anti-microbial peptides. These antimicrobial

factors along with other compounds have been reported to

be implicated in PYF, especially the metabolic type PYF or

for their anti-yeast behavior [4, 49, 50, 53].

Of the three restriction enzymes used in this study,

HaeIII showed a better ability to differentiate between PYF

?ve and PYF -ve malts. This might be because the other

two restriction enzymes, RsaI and HinfI used in this study,

might have cut the targeted rRNA gene sequences of

PYF responsible fungal taxa non-specifically or produced

fragments that were not detected within the size limits

(60–640 bp TRFs) used here.

Cloning and sequencing showed great fungal diversity

associated with malts. Most of the clones recorded in this

study appeared to be characterizing fungal taxa already

reported to occur in the barley malting and brewing eco-

system [12, 28, 36]. Ascomycetous genera dominated the

studied malts as compared to basidiomycetous (Fig. 1,

Table 2), consistent with results reported by Laitila et al.

[28]. Ascomycetous yeasts are known for their ability to

better tolerate higher temperatures prevailing during the

final stages of malting (i.e., kilning) than basidiomycetous

yeasts [28]. Furthermore, PYF ?ve and PYF -ve malts

revealed dissimilarities among themselves with regard to

types of taxa and their relative abundances. Virtual diges-

tion of fungal sequences tentatively linked 15 HaeIII TRFs

in the 360–460 bp size range to a diverse range of yeast/

yeast-like species. This was in contrast with the literature

where PYF has mostly been linked to infection of malt with

filamentous fungi including Aspergillus, Cladosporium,

Fusarium, Penicillium, or Rhizopus spp. [5, 39, 49, 54].

These differences in results might be because of the dif-

ferences in methods of studying microbial communities’

structures, with greater focus on filamentous fungi rather

than yeast in the past. Yeasts are an important component

of the malt microbial ecosystem; the second most [12]

abundant microbes after bacteria in viable counts in pre

harvest barley. High numbers of yeasts and yeast-like fungi

have been observed throughout the malting process as well

[28]. Furthermore, yeasts and yeast-like fungi are known

for the production of hydrolytic enzymes, including amy-

lases, b-glucanases, celluloses, and xylanases [9, 28].

These enzymes help such microbes to degrade the grain

cell wall and to penetrate plant cells. However, care should

be taken in considering these differences as conclusive,

considering that the identification of TRFs was tentative

and might not be complete, as the reason being that only

three clone libraries were constructed that were able to

identify only 1/3rd of the total TRFs, contributing 53.6 %

average dissimilarity between PYF ?ve and PYF -ve

malts (Table 3). There is a need for greater in-depth

sequencing data generation to better cover the fungal

diversity associated with PYF ?ve and PYF -ve malts in

future studies, especially considering the relatively large

number of samples examined in this study and the rela-

tively low proportion of PYF-associated fungal taxa

apparent in the TRFLP profile data. Future monitoring of

these PYF-responsible taxa could potentially be an efficient

and practical alternative in the detection of PYF-affected

malts.

Acknowledgments We greatly acknowledge Adam Smolenski

(Central Science Laboratory—Research, University of Tasmania,

Tasmania, Australia) for his assistance in TRFLP analysis. Joseph

Lake (Food Science and Technology, Dalhousie University, Nova

Scotia, Canada) for performing the small-scale fermentation test. Ms.

Kaur was the recipient of an Australian Research Council Industry

Linkage scholarship (LP0560329) that was supported by Viterra Ltd.

References

1. Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVA?

for PRIMER: guide to software and statistical methods. PRI-

MER-E, Plymouth

2. Armstrong K, Bendiak D (2007) PYF malt: practical brewery

observations of fermentability. Tech Q Master Brew Assoc Am

44:40–46

3. Axcell BC, Tulej R, Mulder CJ (1986) The influence of the

malting process on malt fermentability performance. In: Pro-

ceedings of the convention of the institute guild of brewing,

Australia and New Zealand section, Hobart, Australia, pp 63–69

4. Axcell BC, van Nierop SNE, Vundla W (2000) Malt-induced

premature yeast flocculation. Tech Q Master Brew Assoc Am

37:501–504
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Vrvić M, Hranisavljević J (2004) Effects of lipid-transfer protein

from malting barley grain on brewer’s yeast fermentation. J Inst

Brew 110:297–302

15. Griggs D, Fisher G, Walker S (2008) Factors that promote

premature yeast flocculation condition in malt. In: Proceedings of

the world brewing congress, Honolulu, USA, Presentation # 49,

CD–ROM

16. Gurtler V, Stanisich VA (1996) New approaches to typing and

identification of bacteria using the 16S–23S rDNA spacer region.

Microbiol 142:3–16

17. Hall TA (1999) BioEdit: a user—friendly biological sequence

alignment editor and analysis program for Windows 95/98/NT.

Nucleic Acids Symp Ser 41:95–98

18. Hammond J (2000) Yeast growth and nutrition. In: Smart K (ed)

Brewing yeast fermentation performance, 1st edn. Blackwell

Scientific, Oxford, pp 77–85

19. Helin TRM, Slaughter JC (1977) Minimum requirements for zinc

and manganese in brewers’ wort. J Inst Brew 83:17–19

20. Herrera VE, Axcell BC (1991) Induction of premature yeast

flocculation by polysaccharide fraction isolated from malt husk.

J Inst Brew 97:359–366

21. Inagaki H, Yamazumi K, Uehara H, Mochzuki K (1994)

Determination of fermentation behaviour-malt evaluation system

based on the original small scale fermentation test. In: European

brewery convention monograph 23, Malting Technology Andern-

ach Fachverlag Hans Carl, Nürnberg, Germany, pp 111–136

22. Jibiki M, Sasaki K, Kaganami N, Kawatsura K (2006) Applica-

tion of a newly developed method for estimating the premature

yeast flocculation potential of malt samples. J Am Soc Brew

Chem 64:79–85

23. Kennedy N, Edwards S, Clipson N (2005) Soil bacterial

and fungal community structure across a range of unimproved

and semi-improved upland grasslands. Microb Ecol 50:

463–473

24. Koizumi H, Ogawa T (2005) Rapid and sensitive method to

measure premature yeast flocculation activity in malt. J Am Soc

Brew Chem 63:147–150

25. Koizumi H, Kato Y, Ogawa T (2008) Barley malt polysaccha-

rides inducing premature yeast flocculation and their possible

mechanism. J Am Soc Brew Chem 66:137–142

26. Lake JC, Speers RA (2008) A discussion of malt-induced pre-

mature yeast flocculation. Tech Q Master Brew Assoc Am

45:253–262

27. Lake JC, Speers RA, Porter AV, Gill TA (2008) Miniaturizing

the fermentation assay: effects of fermentor size and fermentation

kinetics on detection of premature yeast flocculation. J Am Soc

Brew Chem 66:94–102

28. Laitila A, Wilhelmson A, Kotaviita E, Olkku J, Home S, Juvonen

R (2006) Yeasts in an industrial malting ecosystem. J Ind

Microbiol Biotechnol 33:953–966

29. Lemos JLS, de Fontes MCA, Pereira N (2001) Xylanase pro-

duction by Aspergillus awamori in solid-state fermentation and

influence of different nitrogen sources. Appl Biochem Biotechnol

91(93):681–689
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