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ABSTRACT
Understanding the role barley variety plays in the overall flavor profile of beer is an area of research 
of interest to barley breeders, maltsters, and brewers. Here we build on previous research on the 
effect of barley variety on beer flavor by focusing on commercial-type malts and beers. A selection 
of three winter-habit, elite malting lines – two released varieties and one experimental – were 
grown in three locations across Oregon and California and harvested in summer 2020. Each was 
malted to the specifications of Pilsner-style malt. Beers were produced to mimic offerings of the 
industry partner and utilized a small portion of specialty malt and higher hopping rates than 
previous work. All beers underwent descriptive sensory analysis and Projective Mapping (Napping®) 
to characterize and determine the magnitude of separation between samples. Malting and brewing 
performance differed among the nine entries, but sensory outcomes showed only minor separation 
and few significant differences in the descriptive analysis. The results here showed that there is 
correlation between malt modification and sensory outcomes and ultimately confirmed that barley 
variety and growing location contributes to beer flavor. However, the overall contributions are 
nuanced, particularly in commercial-ty3pe malts and beers.

Introduction

Research on barley (Hordeum vulgare) genotype contribution 
to beer flavor is still a novel area of focus within the field 
of malting barley breeding. Beginning in 2017, a series of 
nine publications began to explore this relationship. However, 
prior research has primarily focused on this effect in 
non-commercial, research-scale malts and beers and only 
recently has work been performed to evaluate the impact 
of barley variety on commercial-type malts and beers akin 
to those produced by craft brewers. This work aims to 
contribute to the understanding of the influence of barley 
variety on beer flavor by incorporating elite malting barley 
lines in craft beers similar to those in the brewing partner’s 
portfolio.

Previous studies on barley genotype contribution to beer 
flavor have mostly been performed independently, but they 
have directly built upon each other in the development of 
a detailed assessment pipeline. Early work found that barley 
genotype and growing environment affect beer flavor and 
that this is not only a result of the degree of malt modifi-
cation. These studies utilized micro-scale (500 g) research 
malts and nano-brewed (<1 L) research beers for sensory 
evaluation.[1,2] Subsequent work integrated chemical profiling 

and showed that metabolomics can be used to differentiate 
between malt house, malt type, and barley genotype and 
that coupling this with beer sensory can be an effective tool 
in identifying barley lines of interest.[3,4] With the addition 
of malt hot steep sensory, Windes et  al. (2021) investigated 
two sets of genetically distinct germplasm using mini-scale 
(90 kg) research malts and research lager beers (2.5 hL) 
designed to minimize fermentation and hop sensory con-
tributions.[5] This work found that there were subtle differ-
ences in malt hot steep and beer sensory outcomes between 
and within the two sets of germplasm. Similar work by 
Craine et  al. (2021) evaluated micro-malts (2.5 kg) and 
small-scale single malt, single hop ales (11.3 L) in a con-
sumer sensory panel.[6] Their results were more pronounced 
than in the previous studies as the control variety (Copeland) 
was distinguished from the experimental lines in both hot 
steep and beer sensory. This workflow was applied to exper-
imental barley lines derived from crosses with the heirloom 
variety Maris Otter® and found significant differences in 
malt sensory and chemical composition, though actual beer 
sensory differences were limited.[7] This study utilized 
mini-scale malts and a research ale recipe (2.5 hL) designed 
to emphasize base malt flavor. There is limited 
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understanding of the genetic basis of barley variety contri-
bution to beer flavor. Recent work traced flavor outcomes 
attributable to barley to specific quantitative trait loci also 
linked with dormancy and plant height, using the full 
Oregon Promise population[8] from which Herb et  al.[2] 
selected a subset. Finally, recent work by Morrissy et  al. 
(2022) was the first that evaluated commercial-type malts 
produced in a novel mini-scale floor malting system and 
brewed in a recipe in alignment with the industry partner’s 
commercial lagers.[9] They found significant differences 
between the beers using descriptive analysis but an overall 
preference between the two was not significant.

While research on barley contribution to beer flavor is 
an emerging area of work, the effect of genotype,[10] growing 
environment,[11,12] and the respective interaction[13] on malt 
quality has been well studied. The companion work to this 
manuscript by Halstead et  al. (2022) evaluated these effects 
as well as the impact of nitrogen management on grain and 
malt quality of the three lines used here and two additional 
experimental entries in the same three growing environ-
ments.[14] That work found that environment, genotype, and 
the interaction were significant in driving malt quality pri-
marily via their respective effects on grain protein. This 
work expands upon the results by evaluating genotype and 
environment on beer flavor.

This study evaluated a set of three barley lines: two com-
mercial varieties (Thunder and Lightning) and one accession 
from elite malting trials (DH140963). Lines were grown at 
research facilities in Corvallis, OR, Pendleton, OR, and 
Tulelake, CA and were malted to produce a commercial-type 
Pilsner malt and used to produce a commercial-type Golden 
Ale style beer. This work aimed to build on the previous 
work investigating barley genotype contribution to beer fla-
vor. Further it asked whether growing environment or the 
interaction with genotype also contribute to beer flavor and 
if this effect is emphasized in commercial-style malts and 
beers due to synergistic interactions with specialty malt, 
hops, and yeast.

Experimental

Barley

Three barley lines were selected for this experiment: the 
released varieties Thunder and Lightning and the experi-
mental line DH140963 selected from the Oregon State 
University (OSU) – Barley Project breeding program. Their 
respective pedigrees and growth habits are shown in Table  1. 
Thunder is a released variety that has an American Malting 
Barley Association (AMBA) recommendation for malting[15] 
and is one of the most widely planted winter-habit malting 

barley varieties in Oregon and Idaho. Lightning is a released 
variety without an AMBA recommendation but has seen 
some commercial adoption in the craft industry and is of 
interest to growers due to its disease resistance and facul-
tative growth habit. DH140963 is an experimental line 
selected from the breeding program’s elite malting trials and 
was previously in the AMBA assessment pipeline but is no 
longer being considered for a variety release. To avoid con-
fusion between varieties and experimental lines, all will 
hereby be referred to as lines.

Barley was grown at three locations (identifiers in paren-
theses): the OSU Hyslop Crop Science Research Laboratory, 
Corvallis, OR (COR); the OSU Columbia Basin Agricultural 
Research Center, Pendleton, OR (PEN); and the University 
of California Intermountain Research and Extension Center, 
Tulelake, CA (TUL). These locations represent a high rain-
fall, dryland, and irrigated growing environment, respec-
tively. Lines were planted in fall of 2019 and harvested in 
summer of 2020. Grain was planted in single replicate strips 
in order to generate sufficient seed for the requisite batch 
sizes for malting and brewing. All fields were managed 
under standard protocol for malting barley at the respective 
research station.[14]

Malting

Malting for brewing was performed in the OSU mini-malter 
using approximately 90 kg batches as described in Windes 
et  al.[5] but steeping parameters were adjusted to temper 
modification to produce a Pilsner-style malt[16,17] and the 
protocol was based on prior data from micro-malting trials 
with the same entries.[14] Additional adjustments were made 
to accommodate for water sensitivity issues in some of the 
entries. The full malting protocols are provided in 
Supplemental 2 and Supplemental Table 2. Malting scale is 
defined by Morrissy et  al.[9] and the malts used in this work 
were produced on the mini-scale.

Barley and malt quality analysis

Barley grain analysis was performed using ASBC Methods 
of Analysis (Barley-2, Physical Tests; Barley-3, Germination). 
Protein and moisture were measured using a FOSS 

Table 1. Barley lines used in this study with their pedigrees and 
growth habits.
line Pedigree growth habit

thunder wintmalt/charles winter
lightning tc6w265/herZ 29494/2991 facultative
Dh140963 04-028-36/archer winter

Table 2. germination energy, water sensitivity, and germinative 
capacity for each entry.
line location 4 ml (%) 8 ml (%) gc (%)

thunder cor 99 55cd 99
thunder Pen 96* 75b 97
thunder tul 100 99a 100
lightning cor 97* 26e 100
lightning Pen 97* 50d 98
lightning tul 95* 92a 100
Dh140963 cor 100 27e 100
Dh140963 Pen 99 59c 99
Dh140963 tul 100 99a 100
*Below amBa guideline (≥98%). mean separation (lSD) shown for wS/8 ml 

test only: entries with the same letter indicate no significant difference 
(p ≤ 0.05).
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Infratec-NOVA near-infrared grain analyzer (Hillerød, 
Denmark).

In-process assessments were taken to monitor malting 
progress. Steep-out moisture was measured with an A&D 
MX-50 moisture balance analyzer (Wood Dale, Illinois, 
U.S.A) at the end of each steep cycle and during the first 
two days of germination. To monitor modification at the 
end of germination, growth count index was performed. 
The acrospires of 100 kernels were measured as a percentage 
of the kernel length. Acrospires <25% the length of kernels 
were weighted at a coefficient of 0.25; 25–50% at 0.50; 
50–75% at 0.75; 75–100% at 1.0; and acrospires longer than 
the kernel at 1.25. The counts were multiplied by their 
weight coefficient and summed up for a cumulative growth 
count; maximum value = 125.

Malts were analyzed for a number of quality parameters 
at Hartwick College Center for Craft Food & Beverage 
(Oneonta, New York, U.S.A) using ASBC Methods of 
Analysis (Malt-4, Extract; Malt-6, Diastatic Power; Malt-7, 
ɑ-Amylase; Malt-8, Protein; Malt-12, Friability; Beer-31, Free 
Amino Nitrogen). These parameters were used to calculate 
malt index scores based on the Agricultural Research Service 
Cereal Crop Research Unit guidelines for all-malt specifi-
cations (maximum value = 70).[18] This system assigns a 
numerical score to the results of each assay based on an 
established range that reflects the needs of all-malt brewers; 
the higher the score, the more appropriate the malt is for 
AMBA defined all-malt brewing.

Brewing and beer analysis

Ales were prepared at Deschutes Brewery (Bend, Oregon, 
USA) using an Esau and Hueber four-vessel, 2.5 hL brewery. 
Each of the entries was brewed separately in June and July, 
2021. The brewing recipe and protocol was designed with 
the intention of producing a commercial type Golden Ale 
that would still emphasize malt characteristics. Each brew 
used 34.5 kg of base malt made with each respective line. 
Other key ingredients were 1.8 kg of Munich Malt 10°L 
(Great Western Malting, Vancouver, WA, USA), English Ale 
Yeast (A-68 London Ale II, BSI, Woodland Park, CO, USA), 
and Nugget and Crystal T-90 hop pellets (Barth-Haas, 
Yakima, WA, USA and Crosby Hop Farm, Woodburn, OR, 
USA respectively), targeting 20 bitterness units in the final 
beer. Beer was packaged in 20 L kegs at 2.5 v/v of carbon-
ation, dissolved oxygen was below 30 ug/L for all beers. 
The full brewing protocol is provided in Supplemental 3. 
Brewing quality analysis was performed at Deschutes 
Brewery using ASBC Methods of Analysis (Beer-2, Specific 
Gravity; Beer-4, Alcohol; Beer-9, pH; Beer-10, Color; 
Beer-23a, Beer Bitterness; Beer-25b, Diacetyl).

Sensory

A sensory panel consisting of 29 individuals from OSU (16 
male-identifying and 13 female-identifying, age 22–61) was 
chosen. The panelists were selected based on previous sen-
sory experience performing descriptive evaluation of hops, 

malt, and beer. All panelists gave their informed consent 
for inclusion prior to participation, and approval for this 
work was granted by Institutional Review Board at OSU 
(Study Number IRB-2019-0247).

Panelist training included Ultra-Flash Profiling and 
Projective Mapping (or Napping®) to assess the aroma, taste, 
and mouthfeel of beer samples.[19,20] A room with a neutral 
stimulus was selected for sensory evaluation. Using 
Ultra-Flash Profiling, 18 aroma attributes, three taste attri-
butes, and four mouthfeel-related attributes were defined to 
characterize the malt-forward beers produced in this study 
and to best represent the anticipated differences among the 
beers. Panelists underwent a single training session on the 
selected attributes with food or aroma references to famil-
iarize themselves with the respective sensory perceptions 
(Supplemental Table 3). Two commercial beers were included 
in the training to serve as a reference and represent the 
extremes of the expected aroma, taste and mouthfeel-related 
properties anticipated in the research beers. Reference beers 
were served alongside the beer samples during each sensory 
session as a warmup for the panelists and to compare the 
unknown samples.

During the sensory sessions, 50 mL of each beer sample 
were presented simultaneously in 250 mL beer sensory 
glasses covered with plastic lids and labelled with three-digit 
random codes using general randomization. For Projective 
Mapping, panelists were asked to carry out spatial placement 
of the beer samples based on their overall sensory differ-
ences by using a paper poster board (22” × 22”) with overall 
similar samples being located in close proximity and differ-
ent samples being located far apart before transcribing their 
physical locations using a digital ballot (Compusense Cloud 
21.0.7713.26683, Compusense, Ontario, Canada). In the 
check-all-that-apply (CATA) assessment,[21] panelists were 
asked to evaluate samples by selecting a number of attributes 
from the agreed-upon aroma, taste and mouthfeel lexicon 
(Supplemental Table 3). The panelists were asked to select 
at least two aroma attributes, one taste attribute and one of 
the three mouthfeel characteristics (watery, medium, or full, 
astringent as an optional addition) for each sample. The 
overall aroma attribute frequencies were sorted from most 
frequently to least frequently used while comparing the 
overall frequency of each attribute to that of the most fre-
quently used one and calculating the respective percentage. 
Aroma attributes that were used at frequencies greater than 
25% in comparison were included in the subsequent statis-
tical analysis.

Statistics

Data collection, statistical analysis, and graphical demon-
stration of data were performed using Microsoft Excel (ver-
sion 16.16.27) and the R environment for statistical 
computing.[22] Analysis of variance (ANOVA) and least sig-
nificant difference (LSD) mean comparison were used to 
evaluate germination and water sensitivity data. Principal 
component analysis (PCA) was used to evaluated malting 
data. Pearson’s correlation test was used to compare select 
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malting, brewing, and sensory parameters. Sensory data were 
analyzed using XLSTAT Premium 2020.5.1 (Addinsoft, NY, 
USA). Multiple factor analysis (MFA) was used to evaluate 
the X and Y coordinate data obtained by Projective Mapping, 
whereas Correspondence Analysis (CA) was used to assess 
the frequencies of the aroma, taste, and mouthfeel attributes 
assigned by the panelists via CATA. Cochran’s Q-test was 
applied to identify significant differences between the sam-
ples for each specific attribute.

Results

Agronomics

All entries met agronomic expectations except for 
Thunder-COR which showed low plump percentage (reten-
tion on 6/64” screen) and the lowest overall test weight 
(TW) (Supplemental Table 1). Grown under standard field 
management for each location all entries maintained the 
low grain protein content required for all-malt brewing 
(≤12.0%). Due to the planting constraints (large, single rep-
licate plots), statistical analysis was not applied to the agro-
nomic results except germination energy. There were some 
general trends based on growing location and line which 
are shown in Supplemental Figure 1. On average, grain 

protein was lowest at Tulelake (9.7%) compared to Pendleton 
(11.1%) and Corvallis (11.4%). Tulelake also had the highest 
TW and plump. However, these numbers were not much 
higher than Pendleton, and Corvallis’ average was dispro-
portionately reduced by exceptionally low numbers from 
Thunder-COR relative to all other entries. In terms of line 
means, Lightning had the highest grain protein and TW, 
while DH140963 had the lowest grain protein and highest 
plump grain percentage.

Five of nine entries showed acceptable germination 
energy with the other four just below the AMBA recom-
mended value (≥98%) (Table 2). An ANOVA showed a 
significant difference between lines (p = 0.0285), with 
Lightning accounting for three of the four entries below 
98%. Water sensitivity was problematic in Corvallis and 
Pendleton and there was a significant interaction effect 
(p = 0.0024) between line and location with only the entries 
from Tulelake showing acceptable results in the 8 mL test. 
The significant line by location interaction was confirmed 
using a larger selection of samples in the companion work 
to this study that additionally included two other experi-
mental malting lines and two nitrogen treatments.[14,23] While 
extended storage between harvest and malting did improve 
the mild dormancy seen with Lightning, it did not improve 
water sensitivity for any line (data not shown).

Figure 1. malting data showing proteolytic modification for each line at each location with grand means shown with the respective 
horizontal lines. S/t ratio measured on right axis.

Table 3. malt quality data for the Pilsner type malts.

line location
moisture 

(%)
friability 

(%)
extract 

(fgDB%)
color 

(°Srm)
β-glucan 

(mg/l)
Protein 

(%)
Soluble 

(%) S/t (%)
fan 

(mg/l) DP (°l)
aa 

(20°Du)
all-malt 

Score

thunder cor 4.1 79.1$ 83.3 2.20 289# 10.4 5.29 50.9# 244# 156# 96.6# 24
thunder Pen 4.5 94.7 86.4 2.18 63 10.8 5.21 48.2# 238# 162# 106.6# 37
thunder tul 3.8 97.4 86.0 1.75 44 9.5 5.13 54.0# 228# 122 82.7# 36
lightning cor 3.8 89.1 82.2 1.49 94 11.3 5.11 45.2# 208# 159# 57.3 34
lightning Pen 3.8 89.6 81.0 1.33 92 11.7 4.95 42.3 191# 141 48.4 34
lightning tul 3.9 94.8 82.3 1.24 150# 11.3 4.53 40.1 162 130 41.6 44
Dh140963 cor 4.3 90.7 83.3 1.59 166# 11.3 4.15 36.7* 161 115 44.7 51
Dh140963 Pen 4.4 94.6 83.6 1.50 121# 11.9# 4.28 36.0* 163 118 44.6 45
Dh140963 tul 4.7 89.4 82.8 1.42 260# 10.1 3.87 38.3 127* 97* 28.7* 36

fgDB – fine grind dry basis; S/t – soluble to total protein ratio; fan – free amino nitrogen; DP – diastatic power; aa – ɑ-amylase. *Below amBa guidelines 
for all-malt brewing; #exceeds amBa guidelines for all-malt brewing; $below friability specification outlined by Schoales and heinrich.[39]
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Malting

Malting protocols were customized for each entry in order 
to achieve a balanced modification and to meet malt quality 
expectations for a Pilsner-type malt commonly used in the 
craft brewing industry. Steep out moisture and growth count 
index were measured in order to monitor the malting prog-
ress (Supplemental Table 2). Steep out moisture for Thunder 
was targeted lower than that of the other lines based on 
historic malting information (data not shown), and while 
generally meeting the target, growth count index and sub-
sequent malt quality analysis showed that modification was 
still high. DH140963 exhibited the opposite with a steep 
out moisture that was targeted higher in comparison in 
order to promote hydration and modification. Two of the 
DH140963 entries (COR and TUL) required supplemental 
moisture during germination, however growth count and 
overall modification were still lower than expected. All 
Lightning entries required supplemental moisture. 
Lightning-PEN suffered a mechanical error during steeping 
due to a power outage and the protocol was adjusted in 
real time to meet target moisture (see Supplemental Table  2) 
and due to grain availability a second replicate was not 
possible. Interestingly, this entry still maintained 
even-modification as shown in both Figures 1 and 2.

Overall, malts produced by mini-malting exhibited a wide 
range of quality outcomes (Table 3) and were more similar 
to the set produced by Windes et  al.[5] than compared to 
the more uniform malts produced by Morrissy et  al.[7] All 
lines met or exceeded the AMBA guideline for extract 
(>81.0%). Thunder was most over-modified in comparison 
with the soluble to total protein ratio (S/T) and free amino 
nitrogen (FAN) exceeding AMBA guidelines and was above 
the grand mean across all lines and locations as is shown 
in Table 3 and Figure 1. Thunder-COR and Thunder-PEN 
also exceeded the AMBA guideline and the grand mean for 
diastatic power (DP). Even the entry with the lowest grain 
protein (Thunder-TUL) exceeded the proteolytic modifica-
tion specifications for all-malt brewing. The Thunder-COR 
entry was also cytolytically under-modified with low fria-
bility (79.1%) and high β-glucan (289 mg/L). While below 
AMBA guidelines for some parameters, DH140963 (all loca-
tions) and Lightning-TUL produced malt most similar to 
commercial Pilsner-style malt. DH140963-COR and 
DH140963-PEN had the two highest all-malt scores respec-
tively. However, S/T was the only malt quality parameter to 
significantly correlate (Pearson’s r = −0.698) with all-malt 
score (Table 4).

Principal component analysis of malt quality outcomes 
is shown in Figure 2a and b, with PC1 and PC2 accounting 

Figure 2. Principal component analysis of malt quality results. the first three principal components explained 91.64% of the variance. 
figure 2a shows Pc1 and 2 and figure 2b shows Pc1 and 3.
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for 74.98% of the variance between key malt quality param-
eters and PC3 accounting for an additional 16.66%. For this 
portion of the analysis, color, moisture, and soluble protein 
were removed from the data set. Between PC1 and PC2 
(Figure 2a) there were two primary groupings: the first was 
DH140963-COR, DH140963-PEN, and Lightning-TUL, 
which plotted with protein and all-malt score; the second 
was Thunder-PEN and Thunder-TUL, which plotted with 
Extract, AA, DP, and FAN. Lightning-PEN and 
Lightning-COR plotted closest to the center, indicating that 
they were about average in all parameters. There was minor 
separation by line with all line-entries grouping in a pattern 
with the exception of Thunder-COR, which was a clear 
outlier. As expected, the Thunder entries primarily plotted 
with proteolytic modification outcomes while the DH140963 
entries plotted on the opposite side of the graph. There 
were no location-based groupings. Lightning-PEN plotted 
closest to the center, indicating its even modification. 
Figure  2b shows similar trends but with more distinct 
line-based groupings.

Brewing

Brewhouse performance metrics, like malt quality metrics, 
were variable, with noticeable differences in recovered 
extract, attenuation (real degree of fermentation - RDF), 
and brewhouse yield (Table 5). Brewhouse yield (BHY) – as 
measured by the relative recovered extract out of the brew-
house – ranged from 64.6% (DH140963-TUL) to 74.2% 
(DH140963-COR). Bitterness (IBU) for each line was below 
target and the deviation between the values may have con-
tributed to sensory outcomes. Diacetyl (VDK) levels for all 
beers were below the lowest sensory threshold reported in 
the literature (17 ug/L).[24]

Correlation coefficients between malting and brewing 
quality outcomes are shown in Table 4. There was no sig-
nificant correlation between malt extract and any parameters 
associated with BHY or wort extract, with the highest 
extract line (Thunder-PEN) only seeing the fourth highest 
BHY. There was a significant negative correlation between 
β-glucan and original extract (OE) indicating that the dis-
parate β-glucan results may have affected lautering efficacy, 
but there was no correlation between β-glucan and BHY. 
Deviations in RDF may have been a result of differences in 
hydrolytic enzymes as DH140963-TUL had the lowest 

attenuation as well as the lowest DP and ɑ-amylase (AA), 
both being notably lower than all other lines. However, the 
correlations between RDF and either of the enzyme mea-
surements were not significant. Color varied between 2.67 
SRM and 4.10 SRM, which was not surprising as there was 
a similar range for wort color and there was a significant 
positive correlation between wort color and beer color. This 
indicates the color contribution of Munich malt was likely 
consistent in all beers. Interestingly, there was a significant 
positive correlation between extract and malt and beer color 
as well as between AA and malt and beer color. This may 
have been a line effect as Thunder had both high extract 
and high proteolytic modification, which has previously been 
reported in other studies.[5,14]

Sensory

In the CATA analysis, the panel selected 10 of 18 aroma 
attributes at a response rate that was greater than 25%, but 
only one attribute – bread (p = 0.0009) – was significantly 
different among the samples (Table 6). This indicates a 
complex aroma profile of the craft style Golden ale, but 
very limited difference between samples. Overall beers 
scored the highest in grainy, vegetal, and bread. Thunder-PEN 
and Thunder-TUL formed one significant grouping with a 
high bread aroma selection rate while DH140963-COR 
formed its own group with a low bread selection rate. No 
taste or mouthfeel attributes showed significant differences 
between the beers that were mostly described as sweet and 
thin-bodied (watery). This is interesting as there was a broad 
spread in final extract (RE). Bitterness was the second most 
selected taste attribute ranging from five (Thunder-PEN) to 
13 responses (DH140963-PEN), but the difference among 
entries was not significant indicating the varying IBU levels 
of the beers did not significantly affect sensory outcome. 
Correlation coefficients between malting and CATA sensory 
results are reported in Table 7. Analysis shows significant 
positive correlations between the bread attribute and extract 
(Pearson’s r = 0.69), S/T (Pearson’s r = 0.82), FAN (Pearson’s 
r = 0.74), and ɑ-amylase (Pearson’s r = 0.75) indicating an 
overall positive relationship between bread aroma and 
modification.

While Thunder-PEN and Thunder-TUL scored high for 
bread, they plotted differently in the CA of CATA response 
data (Figure 3), with Thunder-PEN grouping closer to fruity 

Table 5. Brewing quality data for the golden-ale type beer produced with each entry.

line location
Kettle 

oe (°P) Bhy (%) oe (°P) aBV (%) Beer ph re (°P) rDf (%)
color 
(Srm)

iBu 
(mg/l)

VDK 
(ug/l)

thunder cor 10.4 67.4 11.49 5.17 4.33 1.72 69.95 4.10 16.50 2.00
thunder Pen 11.6 71.2 11.84 5.25 4.15 1.95 68.84 3.94 14.00 5.00
thunder tul 11.4 73.5 12.31 5.44 4.27 2.08 68.54 3.53 12.50 3.00
lightning cor 10.6 70.3 11.82 5.11 4.22 2.19 67.16 2.96 14.00 1.00
lightning Pen 11.1 68.2 11.79 4.96 4.14 2.45 65.39 2.67 12.50 1.00
lightning tul 10.4 70.0 11.79 5.19 4.24 2.00 68.42 2.69 12.00 3.00
Dh140963 cor 11.8 74.2 11.82 5.30 4.05 1.82 69.70 3.11 13.00 5.00
Dh140963 Pen 11.2 71.5 11.82 5.23 4.32 1.96 68.73 3.61 16.50 5.00
Dh140963 tul 10.4 64.6 11.27 4.40 4.15 2.98 60.83 2.97 14.00 6.00

oe – original extract; Bhy – brewhouse yield; aBV, alcohol by volume; re – real extract; rDf – real degree of fermentation; iBu – international bitterness units; 
VDK – vicinal diketones.
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and full mouthfeel while Thunder-TUL grouped near dough, 
grainy, and caramel. DH140963-PEN, DH140963-COR, and 
Thunder-COR plotted closest to the attributes vegetal, sour, 
and astringent. Most other lines grouped very close together 
and Lightning-COR plotted as the most neutral of all beers. 
However, given the scale of the CA, trends here indicate 
only minor separation.

A multiple factor analysis (MFA) applied to the results 
of the projective mapping, as shown in Figure 4, revealed 
that there were differences between the beers that were not 
captured by the CATA sensory evaluation. These differences 
allowed for a further distinction between the beers with a 
large amount of variation between the beers and a few 
distinct groupings. Thunder-COR and DH140963-PEN had 
the tightest grouping and mapped distinctly away from all 
other entries. DH140963-COR and DH140963-TUL were 
the next tightest grouping. All other entries mapped on the 
other vertical half of the plot. Lightning-TUL was the only 
entry to not group with any others.

Discussion

Development of malting barley lines specifically for use in 
craft malting and brewing is a novel area of research with 
increased industry interest.[25] Much of the work for the 
craft sector has focused on agronomics and breeding[26–28] 
and not on flavor outcomes, per se. Existing work on the 
contribution of barley genotype to beer flavor has been 
primarily limited to the evaluation of research type malts 
(i.e., laboratory-malted on small scale) and beers (i.e., 
nano-brewed) with malting protocols designed to optimize 
modification in order to meet malt specifications as outlined 

by AMBA. However, research type malts are not always akin 
to the commercial malts utilized by brewers. The all-malt 
quality guidelines outlined by AMBA do not completely line 
up with the desires of the craft industry.[25,29] The enzyme 
potential, as measured as DP and ɑ-amylase is often in 
excess of what craft all-malt brewers require; and further, 
many craft brewers look for malts with lower proteolytic 
modification even at the expense of higher β-glucan.

Malting protocols were designed to target Pilsner malt 
specifications and the protocols were developed based on 
historic malting data and current season micro-malting eval-
uations. Steep out moisture was used as the primary driver 
to control modification with targets specific to each entry. 
However, despite low grain protein for all entries and malt-
ing procedures designed to produce Pilsner-style malt, the 
entries showed a spread of outcomes ranging from under- to 
over-modified. Additionally, water sensitivity in many of the 
entries posed a challenge and this required additional adjust-
ments to the malting protocol. Steeping regimes were 
adjusted to limit each water immersion based on malt house 
experience; this is similar to the adjustments made by Craine 
et  al.[6] The high water sensitivity is likely a result of late 
season precipitation in Corvallis and Pendleton.[14,30] Overall, 
Lightning was the lowest-performing line in dormancy and 
water sensitivity assessments, though this is not unexpected 
based on previous results.[31] However, the adjustments made 
to the malting protocol were successful in managing water 
sensitivity as there is not a strong relationship between it 
and all-malt score (R2 = 0.0833). This does not refute the 
findings of Halstead et  al.,[14] but rather indicates the power 
of bespoke protocols on coaxing quality malt from 
out-of-specification grain.

Table 6. cata frequency for aroma, taste, and mouthfeel.
frequency of attributes for beer samples by sensory panel

attributes Dh-cor Dh-Pen Dh-tul li-cor li-Pen li-tul th-cor th-Pen th-tul Sum % of max

grainy 11 7 14 12 11 14 11 10 12 102 100
Vegetal 11 12 7 11 11 9 12 9 6 88 86
Bread* 2a 4ab 4ab 7ab 7ab 5ab 6ab 13b 13b 61 60
caramel 7 3 6 5 3 8 5 5 8 50 49
fruity 4 7 2 5 6 7 6 8 5 50 49
grassy 7 2 6 4 10 4 4 4 4 45 44
floral 8 7 2 5 6 2 5 3 4 42 41
Dough 3 5 7 2 4 3 5 4 6 39 38
Breakfast cereal 3 3 5 3 2 6 2 1 6 31 30
cracker 4 5 3 5 4 3 0 3 4 31 30

resinous 3 4 3 3 2 0 4 1 3 23 23
Sweet bread 3 1 5 0 1 3 2 4 4 23 23
earthy 1 3 2 1 5 1 2 5 2 22 22
Butter 2 3 4 3 0 2 2 1 2 19 19
nutty 0 3 2 2 1 2 3 3 3 19 19
Pasta 2 0 0 1 0 2 3 3 3 14 14
woody 1 2 4 0 2 1 1 1 0 12 12
overripe fruit 3 2 1 1 2 0 1 0 1 11 11

Sweet 18 18 19 22 21 22 20 23 19 182
Bitter 12 13 11 10 10 10 11 5 9 91
Sour 5 9 6 3 2 5 7 4 4 45

watery 11 14 12 13 13 17 9 9 13 111
medium 13 11 12 12 12 10 16 12 11 109
full 4 3 4 3 3 1 3 6 4 31

astringent 7 5 7 4 3 2 5 5 5 43

the line separating aroma attributes indicates the 25% response frequency cut off selected by the panelists (n = 29).
*Significant differences between samples according to cochran’s Q test (p = 0.05). Samples with the same superscript were not different at p < 0.05. Barley line 

is abbreviated with first two letters of each: th = thunder; li = lightning; Dh = Dh140963.
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No entry met all AMBA guidelines for all-malt brewing 
but two of the entries – Lightning-PEN and Lightning-TUL 
– were only out of specification for one parameter (FAN 
and β-glucan, respectively). Thunder was most prone to 
over modification with all three entries having the highest 
FAN and S/T ratio of the set, which is unsurprising based 
on its industry use for malt for adjunct brewing.[32] Ta
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Figure 3. correspondence analysis (ca) applied to the beer sen-
sory results obtained by cata with a trained sensory panel eval-
uating aroma, taste, and mouthfeel overall accounting for 52.03% 
of the total variation in the data set. Barley line is abbreviated 
with first two letters of each: th = thunder; li = lightning; 
Dh = Dh140963.

Figure 4. multiple factor analysis (mfa) applied to the beer sen-
sory results obtained by Projective mapping (Pm) with a trained 
sensory panel evaluating overall sensory differences between beer 
samples accounting for 37.69% of the total variation in the data 
set. Barley line is abbreviated with first two letters of each: 
th = thunder; li = lightning; Dh = Dh140963.
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Thunder-COR was the most exceptional malt as it was both 
proteolytically over-modified and cytolytically under-modified. 
Barley line was a greater driver of malt quality than location, 
which is not unexpected given these lines were bred for 
multi-environment adaptation.

Malts performed differently in the brewhouse with some 
correlation between the malt quality and beer quality param-
eters. However, brewhouse water adjustments were made to 
meet specification extract; the only exception being 
DH140963-TUL, which had the lowest RDF and given the 
lack of a significant correlation between hydrolytic enzymes 
and RDF, may have suffered from fermentation issues. If 
DH140963-TUL is removed from the data set, the final RE 
was within 0.73°P for all entries and the RDF was within 
4.56% as compared to 1.26°P and 9.12% respectively when 
DH140963-TUL is included. The other main difference out 
of the brewhouse was final beer color which, as mentioned, 
correlated strongly with incoming malt color.

Despite the disparate malt and beer quality data, the 
beers were all described positively with grainy, bread, car-
amel, and fruity making up four of five of the most fre-
quently selected aroma descriptors with only vegetal being 
seen as negative.[33] The attributes selected by the panel 
indicate the beers were high in malt-associated aromas but 
given the similarity among entries this may be driven by 
the small inclusion of Munich malt.[34] It is possible that 
even at only 5% of the total grist composition, the specialty 
malt contribution was powerful enough to mute distinctive, 
but subtle, sensory differences provided by the base malt. 
Bread was the only attribute that differed significantly 
among samples with two of the Thunder entries (PEN and 
TUL) scoring the highest, which is likely related to their 
high proteolytic modification as shown by correlation coef-
ficients (Table 7) and thus possible high levels of Maillard 
reaction products or similar compounds.[3] While there are 
other significant relationships between malt quality and 
CATA attributes, as bread was the only significant descriptor, 
further conclusions to the correlation between malting and 
differing sensory attributes cannot be made.

While there was only one significant difference in the 
CATA sensory analysis, the sensory panel was able to sep-
arate the beers into distinct groupings in the projective 
mapping assessment. The discrepancy in projective map-
ping and CATA is most likely due to sensory properties 
other than aroma, taste, and mouthfeel attributes included 
in the selected CATA lexicon. This may have led to uncon-
scious separation by panelists in the projective mapping 
analysis based on variables that contribute to the overall 
sensory profile of a beer but that are not reflected in a 
CATA analysis, such as color[35] or ABV.[36,37] Thunder-COR 
and DH140963-PEN formed the tightest grouping in pro-
jective mapping and may be related to their beer color as 
they were the darkest and third darkest beers, respectively. 
Interestingly these lines were on the opposite ends of the 
spectrum for all-malt scores as Thunder-COR was the 
lowest and DH140963-PEN was the second highest, indi-
cating that the malt scoring system may not be a predictor 
of beer flavor. There were no location-based groupings but 
a slight grouping by line as both Lightning and DH140963 

mapped on opposite halves of the MFA. All but one quad-
rant of the MFA included at least two lines and all quad-
rants included at least two locations, with the upper right 
quadrant including two lines and all three locations 
(Thunder-TUL, Lightning-COR, Lightning-PEN). Other 
than the lower left quadrant, the groupings in each did 
not show obvious correlation to malt or beer analysis and 
this may indicate that sensory separation may be influ-
enced by the interaction between line and location in ways 
that are not measured here. Overall, the results display 
limited differences among beers brewed with the different 
lines and further separation of these samples, given the 
nuance between them, would likely only be detectable by 
a more highly trained panel.[38]

Conclusion

Investigation into the role barley genotype plays in beer 
flavor has been explored in a series of studies, and this 
work sought to further understand this relationship in 
commercial-type malts and beers. Three elite malting lines 
were evaluated at three locations and taken through malting, 
brewing, and sensory trials. Malts and beers were prepared 
to mimic commercial offerings similar to those used in the 
craft brewing industry. There were varied malting outcomes 
across the nine entries, with no entry meeting all of the 
AMBA guidelines for all-malt brewing. Brewhouse perfor-
mance also varied as the wide spread of β-glucan results 
influenced lautering performance and original extract. 
However, despite the varying malting and brewing results, 
the sensory results did not show significant separation in 
descriptive analysis. The beer aroma profile was complex 
but only differed in one aroma attribute (bread) and not 
between any taste or mouthfeel attributes. Projective map-
ping found that there were small differences between the 
beers that may be attributed to a line by location interaction, 
but that they are indicative of subtle attributes not measured. 
Further work using metabolomics and/or additional sensory 
tools may elucidate greater separation between these entries 
but would likely not indicate broader sensory outcomes 
compared to what was found here. While in this work nei-
ther barley genotype nor growing location contributed sig-
nificantly to beer flavor, it is indicative of the ability to 
adjust malting and brewing parameters to work with grain 
and malts of varying quality as the commercial-type beer 
recipe and process was successful in producing similar prod-
ucts. Even in a lighter style craft beer, base malt, specialty 
malt, hops, and yeast act in concert to produce an acceptable 
product. From a beer flavor perspective, this shows the 
potential for barley lines that may be agronomically suc-
cessful, well adapted to a local environment, and/or provide 
attributes of interest (e.g., growth habit, heirloom genetics, 
etc.) but do not perform well in standardized malting trials.
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