Final report
Project from October 2014 to October 2016
The selection of stronger flavour within the UK hop breeding programme.

submitted by Dr Peter Darby on behalf of Wye Hops Limited, a subsidiary
company of the British Hop Association.

Summary

It is anticipated that the demand for British hops will be greatly influenced by
the craft and cask ale sectors who use flavour hops to produce a product
characterised by more intense hop flavours. Currently, the demand for such
hops is frequently being met in the UK by imports. British hop growers
require suitable new flavour varieties incorporating the specific requirements
for UK hop production. Since 2011, the development of flavour hops has been
a primary objective of the Wye Hops programme and this project assessed the
first progenies from this new initiative. The project aimed to identify potential
new varieties and future parents, evaluating and comparing breeding
techniques whilst looking for analytical indicators of strong flavour. The
project assessed individual hop seedlings in the field derived from crosses
made 2011-2013. Male progeny were assessed during July. Female progeny
with an economic yield of cones in September were individually harvested to
provide samples under code to a trade panel of merchants, brewers and
suppliers who assessed the quality and intensity of the aroma of the dried
cones. Those samples highlighted in the assessment were analysed for their
composition. From records of agronomic and quality attributes, 32 individuals
with more intense aroma, suitable to advance to yield plots or to use as future
parents, were identified and propagated. A pedigree breeding strategy
produced almost all the selections and inbreeding was not found to give any
marked advantage. Breeding for specific oil composition, although successful,
did not develop individuals with strong aroma. Relatively high total oil content
and, in particular, high monoterpene content and high levels of thio-alcohols
characterised several of the selections giving strong aroma.

| ntroduction
Traditionally, hops have been classified as either bitter or aroma. Bitter hops are high in

alpha-acids and impart bitterness to beer during the boiling phases of the brewing process
whilst aroma hops have a specific, desired essential oil compaosition which imparts aroma and
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flavour to beer when added later in the processeRy, a new class of hop variety has been
distinguished in which the alpha-acid content ifl wieove that of a traditional aroma hop yet
which is used primarily for imparting strong andtdictive flavour. The term “Flavour Hop”
has been coined to describe these new varietiesxardples includev. Cascade from the
USA, cv. Galaxy from Australia andv. Nelson Sauvin from New Zealand.

Flavour hops have been championed by the craftibgemovement which started in the late
1970s in the USA. These small and micro-breweniedyce a premium product
characterised by more intense flavours and a higleehol content than mainstream
commercial beers. According to the US Brewers Asdgion, craft beers represented about
12% of US beer sales in 2015 with sales growintB3&b pa in an otherwise slightly declining
(-0.2%) US beer market. The demand for hops fraadt brewers is disproportionately high
and some estimates are that nearly 43% of US hmjuption is to supply this small sector.
In the UK, the craft sector is much smaller thathie USA with an estimated 2.5% of market
share in 2015 but with a 23% pa growth rate. CAM&&obod Beer Guide 2016 reported

that 204 new breweries opened in the UK in 2016ntathe total to 1,424. It is also strongly
influencing the cask ale sector which represen &7 UK on-trade sales. Thus, the UK is
reflecting the USA and it is anticipated that tleendind for UK hops will be greatly
influenced by the requirements of the craft and @s sectors in future years.

At present, the demand for flavour hop varietiesh®yUK craft and cask ale sectors is
frequently being met by imports of hops. The flavbap varieties sought are difficult to
grow successfully in the UK, lacking adaptatioriite UK latitudes which results in much
later maturity than the commercial British croprthermore, these ex-UK hop varieties often
lack resistance to the spectrum of diseases pras8mitain, notably to wilt disease. Many of
the desired varieties are protected by Plant laReghts or patents which preclude them
from being grown generally. To compete in this neuiknd provide an alternative to
imported hops, British hop growers require suitatde flavour varieties reflecting the
latitude, light intensity, pest and disease spectand agronomic requirements of the UK.

The hop area in the UK at harvest 2015 was 89%halised in areas of Kent and Sussex,
Hereford and Worcester, with a production of 27,Z8(0(1,356.5 tonnes). The industry has
been stable with only small changes in area orymrtioh since 2005, reflecting a change in
market away from the commodity alpha-acid marketré/than 60% of the area is now
occupied by aroma varieties, maily Goldings anav. Fuggles which are both old
varieties selected by the named hop growers in ARE0L875 respectively. However, few of
the British varieties would be classed as flavaypshalthough some accessions in the
National Hop Collection are currently being re-assel for this purpose.

Perception of flavour and, in particular, flavonoteansity is subjective and appropriate
analytical parameters do not yet exist. It has lsegygested that the compounds responsible
for the distinct flavours are mainly thiols presanvery low amounts in the essential oils.
Although more than 40 thiols have been characiiiséops, detection of these is at the
limits of current analytical technology and newottitompounds continue to be identified.
For example, irtv. Cascade methyl-sulfanyl-pentan-2-one (MSP) ane(S48ydroxyhexyl)
cysteine have been proposed as the determinatiie dfstinctive flavour whilst iv.
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Nelson Sauvin it is 3-sulfanyl-4-methylpentan-1-oes likely that most of the compounds
responsible for distinctive flavour are still unkvo

To retain its importance in the international hogrket and to safeguard the future of the hop
industry in the UK, the British Hop Association (BHcreated a wholly-owned subsidiary
company, Wye Hops Ltd., in 2007. As well as mamiteg the National Hop Collection, this
company is delivering a new hop breeding prograrfothewing the closure of the EMR
programme at Imperial College, Wye. Since 2011 dineelopment of flavour hops has been
a primary objectiveo sustain future hop production in Britain, aimbogporoduce new hop
varieties, both conventional and dwarf types, wiibre intense aromas combined with
improved pest and disease resistance and supgrmmanic traits. Experience has been that
more intense aroma in the dried cones usually latessinto stronger flavour in beer. This
project assessed the first progenies arising flosrtew initiative.

Objectives

The project aimed to identify potential new vaestamongst the progeny derived from
crosses made 2011-2013 growing as 3,006 indiviolaals in the field. Those individuals
showing good agronomic adaptation as growing plemtsbined with high aroma intensity in
their dried cones would be taken forward by propiagaand establishment of multi-plant
plots suitable for yield measurement and provisibsufficient quantities for pilot brewing
trials.

The project also aimed to make selections fronptbgenies suitable to add to the
germplasm collection as future parents for flavauhe on-going crossing programme. In
particular, such parents would include males witprioved pest and disease resistance.

The project used diverse approaches to increakgur in British hops and a further aim
was to evaluate and compare these breeding te@miquallow the planning of efficient
future crossing programmes. Pedigree breeding bad bsed with specific mother varieties,
notablycv. Cascade, or from specific germplasm sources ssighld American. Although
usually deleterious in hop breeding, inbreeding Ibeeh used to facilitate expression of
unusual flavours. Such inbreeding had been usezkstidly elsewhere to develop thes.
Cascade and Citra. By choice of parents, variati@xpression of specific hop essential oils,
particularly farnesene and selinene, had been $ough

With the aim of providing a more objective selentmiterion for future progenies in the
BHA programme, samples of dried hops from selestimade in this project were subjected
to detailed resin and oil analyses. In particulag, analysis of thiol compounds was explored
to find simple, practical analytical indicators ftistinctive flavours.

Procedures
The project assessed 3,006 individual hop seedimtiee field at Wye Hops Ltd. These

seedlings were derived from crosses made 2011-20d all progenies included both
conventional plant habits and dwarf types. Ther28ses made in 2011 usex. Cascade,
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Keyworth’s Early and Keyworth’s Midseason as motbarents with several of the male
parents chosen for their resistance to aphidsmather parents in the 21 crosses made in
2012 had farnesene at elevated levels in thein&ateils, and several of the male parents
(families 22-32/12) had been chosen from their proability to give progeny with elevated
farnesene levels. Some of these crosses also ameegblore inbreeding withiavs. Cascade,
Saaz and Fuggle (families 51-55/12). The 23 crossate in 2013 used wild USA
germplasm and aimed to combine this with resistamcisease carried by the
complementary parent.

Each batch of seedlings was raised under glassivonsktions and screened for resistance to
downy mildew and powdery mildew diseases to allele&ion of the most resistant
genotypes. At least 30 resulting seedlings fronihdamily were transplanted to field plots
where every individual seedling was given a unigieatifier and position. Seedlings were
planted within families which were unreplicated elplants were irrigated as necessary and
left to establish perennial rootstocks, senescatgrally into the winter.

During the 2014 growing season prior to the stathis project, all progeny had been given
appropriate husbandry and a full protective spragr@mme except for those progeny from
the 2011 crosses where resistance to aphids wastexito segregate. For these, the spray
programme excluded insecticides. Male progeny filoeen2011 crosses had been assessed
during June and July for their main characteristictuding flowering period, pest and
disease incidence, plant habit, and lupulin glamaihdgty. Female plants in the 2011 and 2012
progenies which produced an economic yield of catdmrvest in September 2014 had been
individually harvested, with cone samples dried @6 moisture in specialised kilns, pressed,
wrapped and cold-stored. Assessments were made\agsh of the level of pest and disease,
cone maturity, cone and picking characteristicsthedlant habit and productivity for each
selection. No assessments were made of the 2088m@es which had been left to establish
perennial rootstocks.

The project started in October 2014 with HPLC asialpf the content and composition of
the resins of all samples from the 2014 harvest. rélsults, together with the observations
made at harvest, were used to draw up a shodflsamples to provide to a trade panel of
merchants, brewers and suppliers assembled anedhimgiCharles Faram and Co. Ltd. The
panel were provided with the samples under codebeusnincluding reference varieties and,
therefore, assessed blind the quality and intemditiie aroma of the dried cones. Those
samples highlighted in the assessment were fuathellysed for their oil composition by GC
and for specific thiol compounds by GC-MS. Scrutifiyhese records of agronomic and
quality attributes allowed identification of inddaals which might be suitable to advance to
yield plots or to use as future parents in the cencnal hop breeding programme of the
BHA. Family records and sib data were used to mftite selection of male genotypes from
the 2011 crosses.

During 2015, the main growing season of the projaageny from all three cross-years were
available for assessment in the field. They weosvgrusing commercial husbandry and
females were selected, harvested and assesseafialthas described previously for 2014.
Dried samples of all selections, including refeeerarieties, were provided under code to a
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panel of ten growers of the BHA Next Generation@preomprising hop growers under the
age of 40. The intensity of the aromas and flavdetected were used to draw up a short-list
of samples which were forwarded to the trade pahel assessed blind the quality and
intensity of the aroma, as described previouslyinAthe previous year, samples highlighted
in this assessment were subjected to further detaihalysis of their oil composition and

thiol content to determine any association betwssssory and analytical parameters.
Individuals which might be suitable to advance igd/plots or to use as future parents in the
commercial hop breeding programme were identifiechfthe results of the aroma panel and
the analysis data. Also during 2015, males from20i2 crosses were identified and selected
for addition to the parental germplasm collectisrdascribed. All selections made following
the 2014 harvest were propagated by softwood gsttimken from regrowth in spring 2015

to produce perennial dormant rootstocks which vpémated in winter 2015 to establish
during the 2016 season.

During the final year of the project, the 2016 gimogvseason, the progeny from the 2012
crosses were grubbed from the field to make spa&idadle for progeny from crosses made
in 2015 for objectives separate from this projeldwever, selections from the 2012 progeny
were transferred to propagation beds prior to gndbf the remainder of the seedlings and
cuttings taken in the spring for further trialso§eny from the 2013 crosses were fully
mature plants and males were assessed as described.

The project used land at China Farm, CanterburpeoMand managed by Elverton Farms
Ltd., where a 7-acre hop garden solely for hopdirgpwork had been constructed in 2007
with a grant from the IBD. China Farm is an exigtoommercial hop farm producing high
quality aroma varieties. Therefore, it had the pment, facilities and staff with experience
required for hop husbandry to a high standard. Wargifacilities such as offices, storage
(including cold storage) and glasshouses wereaailkclose to the breeding garden. The
programme of work, the materials and the facilif@sthis project were entirely from
resources managed by Wye Hops Ltd., and includedased equipment such as miniature
hop kilns and press for sample preparation. HPLECGE analysis of cone samples were
performed in the laboratories of Lupofresh Ltd.e @f the UK hop merchant companies,
working to industry quality standards. Analysis®¢-MS was undertaken through the
University of Bangor, Wales, Tristaroma in Colmiarance and Nyseos in Montpellier,
France. Data was stored on an Access databasegiginacked-up on a daily basis for
security.

Results and Discussion

Samples collected at harvest 2014

A total of 76 duplicate samples of dried cones weepared from selections made amongst
the 2011 crosses (18 selections) and 2012 cro38eselections), including 19 samples from
reference varieties. Approximately equal numberseafdlings were available for selection in
both year groups and this imbalance in selectedoeusireflects the poor agronomic
characteristics of many of the seedlings derivethftv. Cascade. This USA variety, selected
in Oregon, is not well adapted to the higher lal#si of the UK and many of its seedlings
showed poor adaptation; flowering and maturing, latel many having very small cones.
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Samples of all selections were analysed by HPLCGdsin contents and compositions. This
data (part shown in Table 2) was considered togettie notes made about the selections in
the field at harvest. Selections were rejectedaegative comments for the presence of
powdery mildew disease, poor distribution of compegyr plant habits and if cones were
considered unsuitable in shape or density for nmecharvest. As a result, samples from 39
field positions, plus four reference varieties, eveelected to be assessed by the trade panel.
In addition, a sample from GE77 was provided togaeel although there had been
insufficient quantity of cones to provide a dupteegample for analysis.

The samples were presented under code numbers gdwehtheir field position. The
reference varietiesy. Endeavourgv. Fuggle and two ofv. Cascade, could not be identified
as known varieties by the panel. The panel scoaetd sample for the intensity of the aroma
on a 1-10 point scale of increasing intensity agathed a consensus value following a
discussion period at the end of the assessmenvse$he panel also recorded their
impressions of the predominant flavour notes fahesample. The results, ordered by aroma
intensity, are shown in Table 1.

The reference varieties, despite being anonymadsyed in intensity as would be predicted
with cv. Fuggle scoring 5 whilsl. Cascade scored 7. These samples also solicited
comments on their flavour typical of the varietiea/e selections scored equalcio Cascade
and two, both seedlings o¥. Cascade, were considered to give greater aromasity.

Thus, it has been possible to identify strongexdia within the breeding materials of Wye
Hops Ltd. Comments on flavour notes showed mangrdesdescriptors with individual
differences even between seedlings in the samdytami

Table 1. Trade panel assessment of the aroma gflsarfinom 2014 harvest

Sample
Variety No. Intensity | Comments
43/11/1 FI81 9 Banana and floral
41/11/24 FI37 8 Lychees
43/11/38 FJ28 7 Raspberry, orange
Cascade FJ35 7 Floral, citrus, geranium
45/11/23 FKO09 7 Tropical, fruity, sl ester
21/12/4 FZ01 7 Citrus, spicy mango
32/12/28 GC75 7 Earthy, sl sulphur
Cascade GE57 7 Spicy American
52/12/18 GE77 7 Zesty fruit
31/11/22 FG72 6 Slightly musty
23/12/30 FY39 6 Rhubarb, mouldy
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25/12/5 FZ09 6 Fresh citrus
26/12/24 F762 6 Phenolic
29/12/11 GB11 6 Sulphury, earthy
31/12/25 GC20 6 Pine polish
31/12/50 GC45 6 Sulphur and garlic
32/12/19 GC66 6 Slight sulphur
33/12/2 GC85 6 Lemon and lime
Endeavour GDO06 6 Apple, pine
51/12/18 GE18 6 Chemicals
52/12/11 GE70 6 Unpleasant
52/12/41 GE100 6 Rancid lemon
55/12/11 GF81 6 Grassy, earthy
55/12/32 GF102 6 Pine, peppery
Fuggle ET42 5 Spicy and earthy
33/11/8 FH28 5 Smokey
53/11/15 FN34 5 Paraffin
21/12/44 FX61 5 Sickly

26/12/2 FZ40 5 Woody

26/12/40 FZ78 5 Cardboard
28/12/62 GA101 5 Soft fruits
30/12/6 GB53 5 Menthol
30/12/28 GB75 5 Bready
30/12/37 GB84 5 Unpleasant
30/12/41 GB88 5 Floral

31/12/17 GC12 5 Spicy, nice
34/12/10 GD17 5 Mushroom
34/12/24 GD31 5 Esters, pear drops
42/12/9 GD74 5 Slightly peppery
55/12/27 GF97 5 Slightly banana
26/12/21 FZ59 4 Sour

33/12/8 GCal 4 Spicy pine
55/12/2 GF72 4 Pine

55/12/7 GF77 4 Sweet silage




As seen in Table 2, there was no apparent assotiagitween the intensity of aroma and any
of the measured resin parameters. AlthoogtCascade is notable for high cohumulone
composition of its alpha-acid, the samples withheigperceived aroma intensity did not
generally have high cohumulone. Indeed, samplevtBlthe strongest intensity had a
particularly low cohumulone content. Only one sietet; FG72 exceeded the cohumulone
content ofcv. Cascade. Similarly, there were no apparent difigge in aroma intensity, resin
contents or compositions between samples from fasri1-55/12 where inbreeding had
been used compared with other progeny.

Table 2. HPLC analyses of samples presented te &iamima panel, ordered by perceived
intensity of the sample aroma.

Variety Sample | Intensity | LCV HPLC | Co- HPLC | Co- Xantho | DM X
No. alpha | humulone | beta lupulone | -humal
% % ofa % % ofp % 1006:%

43/11/1 FI81 9 8.1 7.9 195 3.4 38.2 0.5p 50
41/11/24 FI37 8 9.3 8.7 34.3 34 51.1 0.5¢4 7(
43/11/38 FJ28 7 9.7 9.4 245 4.1 41.3 0.58 30
Cascade FJ35 7 5.5 5.3 40.2 4.9 53.p 0.86 85
45/11/23 FKO09 7 8.9 8.5 31.8 6.1 47.6 0.6D 8(
21/12/4 Fz01 7 9.8 9.1 26.6 3.1 44.1 0.54 14
32/12/28 GC75 7 8.8 8.2 23.3 34 445 0.37 36
Cascade GE57 7 4.1 3.6 40.7 4.6 52.1 0.35 64
52/12/18 GE77 7 - - - - - - -
31/11/22 FG72 6 4.9 4.5 43.6 2.5 62.1 0.27 1%
23/12/30 FY39 6 7.6 7.3 34.3 7.5 52.4 0.56 123
25/12/5 Fz09 6 10.1 9.6 19.3 4.5 38.2 0.50 61
26/12/24 Fz62 6 6.9 6.4 25.2 3.7 41.8 0.35 62
29/12/11 GB11 6 7.5 6.7 22.9 4.6 42.3 0.39 39
31/12/25 GC20 6 4.4 4.2 274 7.6 494 0.42 127
31/12/50 GC45 6 5.5 51 26.6 7.6 494 0.47 81
32/12/19 GC66 6 8.0 7.3 24.1 4.9 42.7 0.43 59
33/12/2 GC85 6 8.8 8.3 23.8 3.4 44.2 0.48 51
Endeavour| GDO06 6 10.8 10.5 29.6 51 50.8 0.52 57
51/12/18 GE18 6 4.8 4.3 34.6 3.2 47.2 0.29 33
52/12/11 GE70 6 5.0 4.7 37.9 2.7 53.1 0.31 24
52/12/41 GE100 6 6.5 6.1 35.1 4.2 46.8 0.56 51




55/12/11 GF81 6 8.6 8.0 26.4 4.5 47.7 0.49 47
55/12/32 GF102 6 8.2 7.3 284 3.3 48.1 0.42 55
Fuggle ET42 5 6.2 5.9 30.5 3.7 50.2 0.34 34
33/11/8 FH28 5 9.7 9.2 28.9 5.9 44.5 0.6p 85
53/11/15 FN34 5 7.6 7.1 26.9 3.4 44.6 0.39 46
21/12/44 FX61 5 5.9 54 34.8 3.7 51.8 0.29 56
26/12/2 Fz40 5 7.9 7.4 19.8 3.7 42.3 0.3b 47
26/12/40 Fz78 5 6.8 6.2 25.3 3.9 47.5 0.53 47
28/12/62 GAl101 5 10.6 9.9 25.9 3.6 45.0 0.84 51
30/12/6 GB53 5 7.5 6.9 34.9 6.4 54.0 0.5p 8¢
30/12/28 | GB75 5 7.3 6.7 34.3 3.6 52.8 0.42 64
30/12/37 GB84 5 9.5 8.7 31.9 3.5 55.0 0.64 53
30/12/41 GB88 5 5.5 5.3 26.6 8.6 46.5 0.55 96
31/12/17 GC12 5 8.3 7.6 31.1 5.8 53.5 0.48 114
34/12/10 GD17 5 10.5 10.3 254 5.9 45.3 0.43 50
34/12/24 GD31 5 14.4 13.6 26.0 4.8 48.2 1.11 72
42/12/9 GD74 5 9.2 8.5 38.4 3.8 59.0 0.58 5(
55/12/27 | GF97 5 9.4 8.7 26.1 3.6 43.0 0.48 58
26/12/21 Fz59 4 6.3 5.8 16.7 3.5 35.4 0.32 38
33/12/8 GCa1 4 7.0 6.8 27.7 3.2 48.1 0.38 61
55/12/2 GF72 4 10.0 9.4 26.2 4.3 48.4 0.49 51
55/12/7 GF77 4 7.7 7.4 33.9 4.3 52.9 0.49 62
Challenger| FI57 NP 6.7 6.3 22.6 5.1 42.7 0.32 81
Admiral FK41 NP 14.6 14.1 36.3 7.1 55.5 1.09 92
Target FK44 NP 9.3 8.9 32.7 5.3 51.0 0.76 47
Herald FK47 NP 104 9.9 29.0 4.1 51.0 0.5)7 65
Sovereign | FQ62 NP 4.3 3.8 24.7 2.2 39.7 0.24 20

LCV Lead Conductance Value
DMX Desmethylxanthohumol
NP  Sample not presented to trade panel

There was also no apparent association betweeant#resity of the aroma and most
components of the essential oils (Table 3). Howetertotal steam-distilled oil content of
the samples with the highest aroma intensity (sc@+@) was generally higher than the other
samples and the myrcene content of these sampllesnt@nse aroma was also higher. The
samples with the highest aroma intensity had aiteats and myrcene contents similar to
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that incv. Cascade. The farnesene conterdvofCascade is also a notable feature of the
variety but there was no discernible associationragat these samples between farnesene
content and aroma intensity. The analyses did oarthat all selections from families 22-
42/12, where the crosses had been designed t@adaraesene content in the progeny, did
contain farnesene well above trace levels.

Table 3. GC analyses of the essential oils of sagptesented to trade aroma panel, ordered
by perceived intensity of the sample aroma.

Variety Sample | Inten | Total | Myr- | Cary- Farn- | Hum- | Sdin- | Ger- Lina-
no. -sity | ail cene | ophyllene | esene | ulene | ene aniol lool
43/11/1 FI81 9 0.75 35.1 5.8 1.1 21.1 11.6 0.21 .270
41/11/24 FI37 8 1.0 32.8 10.4 1.2 32.1 1.4 0.11 .340
43/11/38 FJ28 7 0.7 28.6 15.5 0.3 4.8 20.9 0.14 490
Cascade FJ35 7 0.9 38.3 7.8 8.2 22.2 4.p 0.37 .42 0
45/11/23 FKO09 7 1.2 27.3 14.5 2.1 24.9 2.6 0.21 .740
21/12/4 Fz01 7 0.8 19.8 22.1 0.2 25.8 0.7 0.09 260.
32/12/28 GC75 7 1.2 27.8 19.9 4.6 1.7 20.3 028 6 0
52/12/18 GE77 7 1.1 26.7 15.3 0.3 4.7 25.2 0.11 .390
25/12/5 FZ09 6 0.3 26.4 8.7 4.9 25.8 7.1 0.15 .340
29/12/11 GB11 6 0.5 26.3 7.9 4.7 21.8 8.7 0.09 0.31
31/12/50 GC45 6 0.6 29.5 1.2 3.3 4.5 334 0.110.5
33/12/2 GC85 6 0.3 20.3 10.2 7.8 29.8 7.3 0.15 090.
Endeavour| GD6 6 1.1 23.8 3.0 6.5 5.3 33.6 0.520.23
55/12/11 GF81 6 0.2 10.0 14.0 0.4 49.5 2.5 0.21 420
55/12/32 GF102| 6 0.4 18.7 8.2 0.2 26.8 15.5 0.050.16
Fuggle ET42 5 0.9 28.3 9.2 6.7 30.3 1.7 0.13 640.
28/12/62 GA101| 5 0.3 18.4 7.4 6.4 20.6 10.0 0.1% 0.27
30/12/6 GB53 5 0.5 24.2 5.9 2.1 6.3 34.1 0.12 .220
31/12/17 GC12 5 0.3 6.8 10.5 6.7 38.9 2.5 0.21 0.43

The steam-distilled oils obtained for GC analyseevfurther used at the University of
Bangor to analyse thiol content. Thio-esters (Tdbleere readily detected and showed
considerable variation between samples, S-methdrethioate in particular. For this
compound there was a hint that it was at elevateel$ in the samples with low aroma
intensity but no general association could be detelbetween thio-ester content and aroma
intensity which could be used to act as an indicfmoselection for stronger intensity within
the breeding programme.
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Table 4. Thio-ester contents of samples presentédde aroma panel, ordered by perceived
intensity of the sample aroma.

Sample

Variety No. Intensity | M6E M S5E M7E

ppm ppm ppm
43/11/1 FI81 9 448.6 49.0 4.4
41/11/24 FI37 8 73.Y 818 0.4
43/11/38 FJ28 7 3964 107.5 8.0
Cascade FJ35 7 178.2 73.9 0.5
45/11/23 FKO09 7 130.83 457.7 -
21/12/4 FZ01 7 421.8 63.1 37.7
32/12/28 GC75 7 515.8 545.1 97.2
Cascade GE57 7 102\5 99.5 -
52/12/18 GE77 7 590.3 86.0 10.9
25/12/5 FZ09 6 331.6 630.1 7.6
29/12/11 GB11 6 950.8 215.0|/ 158.6
31/12/50 GC45 6 17197 179.1] 215.1
33/12/2 GC85 6 251.8 519.7 7.6
Endeavour GDO06 6 209/0 172.3 1.7
55/12/11 GF81 6 408.7 304.3 32.1
55/12/32 GF102 6 5593 160.2 12.1
28/12/62 GA101 5 1886.5 763.9| 243.1
30/12/6 GB53 5 238.5 105.6 -
31/12/17 GC12 5 21743 438.1 77.9

M6E S-methyl hexanethioate
M5E S-methyl-4-methyl pentanethioate
M7E S-methyl heptanethioate

Analysis failed to detect any of the thio-alcohslsh as MSP even av. Cascade despite
such thiols being known from published studiesea@lesent. However, upto and including
2014, all published research on the thiol contétops infer the content from analysis of
beer made with the hops. None actually measuredahient by direct extraction from cones.
It is not practical to brew a beer for each putaselection from the breeding programme.
Therefore, efforts were made to develop a methapoémd further dried cone samplescof
Cascade were supplied to University of Bangor whaeutook experiments on extraction and
detection. Despite considerable experience of hiadyais of thiols in other projects, the thio-
alcohols from hops proved to be too labile durirtyaction and provided materials at the
limits of detection with the equipment availabledglts lacked any consistency. The
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University of Bangor declined to do further anasysf thiol content for the following 2015
season.

All seven genotypes which scored at least 7 froentithde aroma panel were selected for
further evaluation in yield trials. Four of thesere& seedlings afv. Cascade. In addition,
pedigree information was used to select a furtber $eedlings from amongst those short-
listed for the aroma panel to maintain a breadthesmplasm. Thus, a seedlingovf Saaz
(FZ9), cv. Fuggle (GA101)¢v. Colgate (GB53) andv. Tolhurst (GC12) were selected as
potential parents. Finally, three seedlingswfEndeavour from the aroma assessment
(GC85, GF81 and GF102) were selected for furthatuation because of their outstanding
agronomic features, notably dwarf habit and yiélithough the primary selection criterion in
this project was stronger aroma, this illustrabesrhultiplicity of secondary objectives
sought during a practical breeding programme. All@ypes selected for further evaluation
will be assessed in a subsequent, separate téstiofesistance to wilt disease.

Amongst the 2011 crosses, 30 males were noted @b ibgerest during field assessment in
the 2014 season. This included 11 genotypes disggjagsistance to aphid colonisation in
unsprayed plots. These notes, together with thiysesof their sisters, the performance of
the families with the trade aroma panel, and froravkledge of which female selections had
been made, were used to select 13 males to prepagdtadd to the germplasm collection.

Samples collected at harvest 2015

Progeny from all three cross-years, 2011-2013, weadable for selection during 2015.
Samples for aroma assessment were obtained frasal&@&ions; 22 from 2011 crosses, 39
from 2012 crosses and 18 from 2013 crosses. Therloumber of selections from the 2013
crosses clearly reflected the poorer agronomicoperdnce of progeny resulting from wild
and USA origins. In addition, two reference sampliesy. Cascade were obtained. From the
lack of any association between strength of arongbresin characteristics found during
2014, it was decided not to take duplicate samiptes most genotypes to have a separate
sample for analysis. Only the 12 genotypes withntlest promising agronomic features were
harvested to give also a sample for HPLC analgEa(not presented).

Samples were assessed by the BHA Next GeneratiompGf young hop growers on a ten
point scale of increasing intensity and only theamples scored as 8 or above by at least one
of the Group were forwarded to the trade aroma lpdihés resulted in 29 samples going
forward for the trade assessment under code, imgud/o samples ofv. Cascade. The
results from the trade panel are shown in TablEh&.referencev. Cascade again scored 7
on the ten-point scale. Although the second refsresample was only scored as a 6, the
flavour was distinctly of citrus notes. Fifteen gdes were judged at least equal in intensity
to the reference and six of these samples excdabdeadtensity otv. Cascade. Several of the
samples with the most intense aroma were from @& 2rosses indicating that wild
germplasm can provide a useful source for this. thdihoughcv. Keyworth’s Midseason

was the mother of FG41 and. Bramling Cross the mother of FO31, all four otkong
aromas from the 2011 crosses were seedlinge. @ascade. Furthermore, only three of the
samples with the strongest aroma were derived then2012 crosses but these were also all
seedlings otv. Cascade. Thus, of the fifteen strong aromas, seeea seedlings aiv.
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Cascade. Of the 3006 seedlings in the field foesmsent during 2015, only 836 were
derived fromecv. Cascade. This indicates tltat Cascade is very much more effective in
transmitting strong aroma to its progeny than wddexpected by chance. As with the 2014
harvest, the results from the trade aroma panekassent of samples from the 2015 harvest
indicated that stronger flavour can be obtainethiwithe BHA breeding programme and that
a range of unusual and distinctive flavours cowddbcribed.

In contrast to 2014 when eleven selections weredséed from the seedlings resulting from
inbreeding crosses, nine of which were forwardetth¢otrade aroma panel, from the 2015
harvest only four selections were made in this grad none of the samples from these
progressed to the trade panel.

Table 5. Trade panel assessment of the aroma gflsarfinom 2015 harvest

Sample
Variety | no. Intensity | Comments
47/13/6 | DM32 8 Lemon, grapefruit
13/13/25| DW7 8 Sweet floral
15/13/4 | DW55 8 Geraniums, berry fruits
18/13/15| DY52 8 Rose
30/11/17 | FG41 8 Cherry, floral
43/11/35| FJ25 8 Esters
28/13/64 | DI35 7 Lemon, leather
14/13/2 | DW19 7 Fruit, spicy
43/11/12 | FJ2 7 Tobacco, esters
51/11/26 | FM45 7 Strawberry, cherry
Cascade| FM58 7 Cut grass, spicy
54/11/35| FO14 7 Fish, cheese, sulphur
60/11/10| FO31 7 Leather polish
21/12/28 | FX45 7 Malty, paper
21/12/49 | FX66 7 Orange, esters
23/12/17 | FY26 7 Banana
27/13/11| ED33 6 Rich
Cascade| EE26 6 Citrus
50/11/22 | FL86 6 Peach, grass
52/11/1 | FM61 6 Burnt milk
52/11/34 | FN1 6 Hay, dry wine
62/11/39| FP86 6 Oatmeal, black pepper
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67/11/36| FS79 6 Sour milk, menthol
23/13/23 | EB15 5 Stone fruits
60/11/21| FO42 5 Stale, lilies
62/11/35| FP82 5 Sulphur, rosemary
67/11/49| FS92 5 Sour milk
52/12/41| GE100 5 Fruity, spicy
61/11/6 | FO86 4 Floral

With no duplicate samples being available for nodshe selections, each sample from the
aroma assessment had to be used again if requihefrtunately, not all the samples were
usable after the aroma assessment. Therefore, sample not used for a routine GC
analysis of the oils, as in the previous year,dupiplied to specialist companies for more
detailed and unusual analyses.

Samples were sent to Twistaroma, Colmar, Franceifanalysis using SPME techniques.
This protocol collects and analyses the volatiethe air above the sample rather than
collecting the oils by distillation. As such, it ghit be considered to be more relevant to the
perceived aroma. However, because it uses a ditfesdlection method, the relative
distribution of compounds is different from steamtitlation and the values for each
component of the oils cannot be equated betweetetihmiques. Despite this, the results
(Table 6) again indicated that the samples perdesgehaving stronger intensity of aroma
frequently had a higher myrcene content reflectitggtotal monoterpene content. However,
there were several exceptions to this generalisatio

For each component, the technique also alloweg@ryaortion in the aroma to be
determined, splitting between the free compoundata to the atmosphere and the
proportion bound within the sample tissue. Sevegbrts in the brewing literature cite
geraniol and linalool as the main determinantsagf flavour in beer. Thus, SPME analysis
was used for these compounds to determine if thhaseany association between the free
compounds in the air above the samples and theipectintensity of the aroma.
Unfortunately, no such association could be fowrdefther geraniol or linalool (Table 6).

Table 6. Detailed SPME analysis of the compositibassential oils of samples presented to
trade aroma panel, ordered by perceived intensittyeosample aroma.

Sample | Inten- | Free Free Bound Bound Mono- Myrcene | Sesqui-
no. sity Geraniol | Linalool | Geraniol Linalool ter penes ter penes
% % % % % % %
DW55 8 0.23 0.77 0.19 0.19 17.3 15.5 42.6
FG 41 8 0.29 1.27 0.08 0.09 3.8 3.3 83.7
FJ 25 8 0.30 0.50 0.13 0.00 13.0 11.1 35.4
DI 35 7 0.82 1.06 0.33 0.32 16.3 15.7 64.4
FX 66 7 0.69 151 0.52 0.22 16.3 14.9 48.7
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FY 26 7 0.30 0.19 0.17 0.29 6.2 5.6 60.1
FO 14 7 0.30 0.77 0.05 0.03 6.6 6.4 71.8
FX 45 7 0.15 1.53 0.07 0.05 17.9 17.4 70.7
FM 45 7 1.11 1.24 1.22 0.68 25.2 24.2 44.1
FO 86 6 0.19 1.82 0.00 0.00 8.9 7.5 50.7
FO 42 5 0.03 2.15 0.00 0.00 7.1 6.5 51.4
FS 92 5 0.12 0.55 0.05 0.09 5.2 4.3 69.6

At the Trends in Brewing conference held in GhemApril 2016 a presentation from
Nyseos, Montpellier, France indicated that a metioo direct measurement of thio-alcohol
content of dried hop samples was available withendkompany’s laboratories. Following
discussions, four samples were provided under bgd&'ye Hops to test the potential for this
expensive analysis. At fifteen times the cost GG analysis this could not be a routine
testing system for selection within a breeding paogme producing more than 75 samples
each season. The four samples comprise@ascade, known to contain the thiol AMSP,
Sovereign, considered to be likely to be of very thiol content if any, and two samples
considered to have the strongest aroma from thle tiasessment.

The results of the thiol analysis (Table 7) showed thio-alcohols (4AMSP and 3MH) could
be detected at the level of parts per billion. Heavethese compounds have a very low
flavour threshold and can be detected stronglyeer leven at these low concentrations. It
was also possible to detect precursors of thedlsioth as C4AMSP, the precursor of 4AMSP.
The detection of 4MSP and its precursocynCascade and the low levels of thiols in cv.
Sovereign gave confidence to the results froml#eratory. The analysis indicated that the
test samples with strong aroma intensity had redtihigh levels of specific thiols,
exceeding those iov. Cascade. Although on too small a scale to drawfiamyconclusions,
these tests seem to confirm that thio-alcoholsccaat as useful indicators of stronger
flavour.

Table 7. Thiol contents of selected samples (irkg)g/

Variety 4M SP C4AM SP 3MH
Cascade 2.5 1.1 13.9
DM32 6.0 2.5 0.0
DY52 3.5 1.3 68.5
Sovereign 0.5 0.9 0.0
4MSP 4-methyl-4-sulfanylpentan-2-one
CAMSP Cysteine-4-methyl-4-sulfanylpentan-2-one
3MH 3-mercaptohexan-1-ol

All fifteen seedlings identified by the trade paaslhaving aroma intensity equal or greater
than the reference sampleaf Cascade were selected for propagation for further
assessment. From records of their agronomic pedoce) seven of these were chosen for
evaluation in yield trials (five conventional geyjoés and two dwarf types) and eight for
addition to the germplasm collection to use asr&uparents. Also from records of the
agronomic performance of those seedlings selecteithé¢ trade panel, three other selections
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for further assessment were made. As stated pralyiadhese seedlings with good field
records were analysed by HPLC and all had cohuneutontents in excess of 40%.

Amongst the 2012 crosses, 42 male seedlings weeel o be of interest during field
assessment in the 2015 season. These record$eogath information and data from their
siblings were used to select 12 males to propagateadd to the germplasm collection.
During 2016, the males amongst the seedlings flen?2013 crosses were assessed in the
field and 27 were highlighted. Selections will bade from these to progress to parental
germplasm plots.

Outputs

The project has succeeded in its main objectivddntify new seedlings in the British hop
breeding programme with more intense aroma asdicaitor of potential to provide stronger
flavour in beer. Over the two years of the proj8& female genotypes have been taken
forward for further evaluation as a result of tleéestion protocols described here; ten in each
season for assessment of their yield and brewiagackeristics, and twelve as potential
parents in the future crossing programme. In aoldjtat least twelve male seedlings have
been selected from each cross-year also to adie tparental collection.

The project also aimed to compare different stiatetp achieve stronger flavour hops. The
choice of parents as used in a pedigree breediaggy has been shown to be a successful
approach and some specific parents, sudv.a&3ascade, have been found to be particularly
effective in transmitting intense aroma to thewgeny. Similarly, wild USA germplasm has
generated some progeny with particularly intensenar In this project, inbreeding has not
produced any marked advantage with just one setefitom an inbreeding cross going
forward. Breeding for specific composition in tresential oil proved successful with
attempts to incorporate farnesene. However, theepiee of this oil did not associate with
stronger aroma.

The project aimed to find simple, practical analgtiindicators for distinctive strong

flavours. Most parameters were found to show no@ason including all features of the
resins and most of the olil traits. Although manyhafse samples with strong aroma had
relatively high total oil content and, in particylaigh monoterpene content, some of the
samples with strong, intense aroma did not conforthis pattern. Only the presence of low
flavour threshold thio-alcohols gave any indicatadra marker for strong flavour but analysis
of these compounds is still, at this stage, onbilable in specialist laboratories for a small
number of samples.

Technology transfer

Information about this project has been dissemah#isough reports and meetings including
trade journals, industry committees such as the IHdpstry Committee of the IBD,
participation in hop producer-group meetings amdisars, as well as lectures to students
and visits to universities and hop research cemitmesighout the world. During the period of
this report, aspects of this work have been desdrds detailed below:-
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Report to R&D Committee of the British Hop Assomat held at Shepherd-Neame
Brewery, Faversham, 18 November 2014.

Presentation “The Wye Hops programme - seven yedr English Hops Ltd., Annual
conference held at Marstons Brewery, Burton-on-Tr2d November 2014.

Meeting and visit to germplasm plots at China Faith Mercy Morris, Conservation
Manager for Plant Heritage, 4 December 2014.

Report to Hop Industry Committee of the Institutdoewing and Distilling, held at Curlew
Street, London, 18 December 2014.

Presentation “The future for the British hop bregdborogramme” to BHA Conference,
Hampton Estate, Surrey, 5 March 2015.

Presentation “Activities at Wye Hops Ltd” to UKCe&and Cider Society, University of
Kent, Canterbury, 19 March 2015.

Attended IBD/Botanix tasting of experimental brewedd at Botanix, Paddock Wood, Kent,
10 April 2015.

Report to R&D Committee of the British Hop Assomat at spring meeting held at Thame,
22 April 2015.

Meeting with Prof. Jim Dunwell and colleagues apDef Agriculture, University of
Reading, 23 April 2015.

Visit and tour of breeding plots for James van\3att, manager in Brewing Developments ,
and Xiang Yin, Director Brewing Raw Materials foAB Miller, UK, 15 May 2015.

Visit and tour of germplasm plots for Mette ThomsBioforsk, Kapp, Norway, 2 June 2015.

Visit and tour of breeding plots for Max AlexandBBC, 4 June 2015.

Visit and tour of breeding plots for Lupulina BrewgeGirona, Spain accompanied by Julian
Herrington, Brewery consultant, 18 June 2015.

Meeting with Prof Robbie Waugh, University of Duedand colleagues at James Hutton
Institute, Dundee, 26 June 2015.

Presentation “Outline of hop variety developmentStAB Miller lunchtime seminar,
Woking, 2 July 2015.

Visit and tour of breeding plots for Mike Benneraiaging Director SIBA, 14 August 2015.

Report to R&D Committee of the British Hop Assomat held at China Farm, Canterbury,
19 August 2015.

Conducted tour of breeding plots at China Farmmduan Open Day for 29 members of
BHA, 19 August 2015.

Visit and tour of germplasm plots at China FarmPaul Herbert, Kent Brewery, 11
September 2015.

Visit and tour of breeding plots at China FarmBorMatthew Moscou, Group Leader at the
Sainsbury Laboratory, Norwich, 15 September 2015.

Annual Newsletter distributed to growers via PragluGroups and to brewers as an insert
into September 2015 edition of Brewer and Distillgernational. Also, posted on
British Hops website.

Interview with Pete Brown, beer journalist and anflaccompanied by John Humphreys,
Shepherd-Neame, Faversham, 22 September 2015.

Attended public launch of Kent Green Beer Fortngih€Canterbury Food and Drink Festival,
25 September 2015.
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Visits to Huell Hop Research centre, Germany, SiameHop and Brewing Research
Institute, and Hop Research Institute, Czech Repu®8 September - 2 October
2015.

Presentation “Hop variety developments” to IBD ‘Biess of Brewing’ Symposium,
Harrogate, Yorks., 9 October 2015.

Interim report on IBD-funded project “The selectioinstronger flavour within the UK hop
breeding programme” sent to Brewers Research andddn Fund trustees, 13
October 2015.

Visit from Theo Freyne, Deya Brewing Co., Cirenees$b discuss British hop varieties and
see production facilities, 29 October 2015.

Visits to USDA-ARS, Corvallis, University of OregpHop Breeding Company, Toppenish;
Haas Innovations Centre, Yakima; Roy Farms, Moee§ November 2015.

Report to R&D Committee of the British Hop Assomat at autumn meeting held at Thame,
17 November 2015.

Presentation “Recent objectives for the Wye Hogething programme” at EHL Conference
and AGM, St Austell Brewery, Cornwall, 27 NovemRéex5.

Report to Hop Industry Committee of the Institutd8oewing and Distilling, held at BBPA,
Brewers Hall, London, 3 December 2015.

Meeting with Dr Carol Wagstaff at Knowledge Trandpartnership, Reading University, 7
December 2015.

Interview with Sophie Atherton, beer journalisty &oticle in CAMRA magazine, 9
December 2015.

Provided extensive notes describing concepts aahtg@rogress with hop breeding
programme to Jane Peyton, journalist, for artibleua innovation in hops for
CAMRA magazine, 8 March 2016.

Presentations “Hop variety developments” to SIBAB€2016 at Ice Sheffield Arena, 17
March 2016.

Visits to southern hemisphere hop research certast and Food Research, New Zealand
meeting Dr Ron Beatson, 7-8 April 2016, Australiaating Dr Simon Whittock, 14-
15 April 2016, SAB Hop Farms, South Africa meetlrauren Steytler, General
Manager, 18-19 April, 2016.

Report to R&D Committee of the British Hop Assomat at spring meeting held at Thame,
26 April 2016.

Visit and tour of breeding plots at China Farm@orPaul Matthews, Hopsteiner USA, 12
May 2016.

Telephone interview with Michael Jenkins of on-lImagazine Hop and Barley, 24 June
2016.

Conducted tour of Stocks Farm, Worcs. for stud&ota UC Davis, USA led by Prof
Charlie Bamforth, 20 July 2016.

Conducted tour of breeding plots at China FarnDiowladimir Nesvadba and two
colleagues from Hop Research Institute, Czech Rep@August 2016.

Report to R&D Committee of the British Hop Assomat held at China Farm, Canterbury,
17 August 2016.

Visit and tour of germplasm plots at China Farmrfocrobrewers from Kent, 13 September
2016.
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Hosted visit of IBD Southern Section to hop collection at Queen Court, Ospringe, Kent on 19
September 2016.

Presentation “Developments in hop research” to evening meeting of IBD Southern Section at
Shepherd-Neame Brewery, Faversham, Kent on 19 September 2016.

Hosted visit of East Anglian Craft Brewers to hop collection at Queen Court, Ospringe, Kent
on 20 September 2016.

Attended launch of Kent Green Beer Festival at Canterbury Food and Drink Festival, 23
September 2016.

Telephone interview with Richard Croasdale, Editor-in-Chief, Ferment magazine, 28
September 2016.

Annual Newsletter distributed to all growers via Producer Groups and to brewers as an insert
into October 2016 edition of Brewer and Distiller International. Also posted on BHA

website.
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