AN ABSTRACT OF THE THESIS OF

Kaylyn R. Kirkpatrick for the degree of Master of Science in Food Science and
Technology presented on June 5, 2018.
Title: Investigating Hop Enzymes
Abstract approved:
_____________________________________________________________________
Thomas H. Shellhammer

According to conventional wisdom, hops are treated in the brewery as
biologically inactive ingredients, added to wort or beer primarily as a flavoring agent.
In the past, hops were used in relatively small quantities, with the majority of hop
additions made to boiling wort. Converse to traditional hopping practices, modern
brewing techniques add hops to beer during or after fermentation, a method commonly
referred to as dry-hopping. The resultant flavor profiles in each case are quite distinct;
generally dry-hopping is a more delicate extraction transferring highly desirable aroma
compounds to beer. Brewers seeking to increase the complexity and array of hoppy
flavor in beer use generous hopping rates, blends of multiple hop varieties, concentrated
hop products, and dry-hopping in the presence of yeast to increase floral and fruity
flavors. As a result, a variety of unique hop-forward beers have entered the market
allowing brewers to distinguish their products. An unintended consequence of
everchanging brewing practices is the extraction of unknown and undesirable
compounds in beer during dry-hopping.

In contrast to previous thought, experiments conducted in Dr. Shellhammer’s
Lab indicate that enzymes in hops survive to act on finished fermented beer, posing
potential quality concerns to brewers. The addition of Cascade hops to finished beer
showed production of fermentable sugars glucose and maltose as a result of starch
degrading enzymes in hops. Enzyme specific assays were used to detect starch
degrading enzymes in Cascade pellet hops, with the highest activities reported for
amylases at 0.76 U/g. Low activity levels of debranching enzymes amyloglucosidase
and limit dextrinase, were additionally found in Cascade hops, the latter of which was
detected at levels below the suggested assay sensitivity. Hop enzymes were further
shown to alter beer carbohydrate composition over time, with high hopping rates and
high temperatures showing the greatest sugar production. The extent of overattenuation, the loss of sugars consumed by yeast, was dependent upon the length of
dry-hopping time with a total loss of 1.9°P in real extract, production of 1.3% alcohol
by volume and an additional theoretical 4.75% (v/v) CO2 over 40 days of contact with
hops and yeast.
Differences in hop enzymatic power were found across 30 hop cultivars
screened for specific enzyme activity (α-amylase, β-amylase, amyloglucosidase) and
non-fermentable dextrin degradation and sugar production in beer dry-hopped with
different hops. Crude hop amylase activity broadly ranged from 0.04 to 0.25 U/g of αamylase activity, and 0.14 to 0.21 U/g of β-amylase activity. The percent change in
carbohydrates in finished beer dosed with hops and antimicrobial sodium azide (0.02%)
was used to profile the production of simple sugars (fructose and glucose) and small
malto-oligosaccharides (maltose and maltotriose); these factors when combined

accounted for 90% of the variation between hop samples. Additional hierarchical cluster
analysis revealed four classifications of hops with differing abilities to hydrolyze
dextrins in a control beer. However, the impact of other important factors such as harvest
maturity and kilning practices should be considered in future studies. The implications
of this research will change the way hops are processed and valuated, and influence how
brewers select and manage hops in the brewing process. Future investigations around
the factors impacting hop enzymatic power will be essential in improving hops and beer
quality.
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Investigating Hop Enzymes
CHAPTER 1 – LITERATURE REVIEW

1. Introduction
Today, one quarter of all craft beer styles produced in the United States are hopforward India Pale Ales (IPA), and brewers continue to elevate the use of hops to entice
customers in an increasingly competitive market. In one study, consumer willingness to
pay a premium for beer strongly correlated with perceived “hoppiness” (significant at
1% level) (Gabrielyan, McCluskey, Marsh, & Ross, Aptil). Consumer interest in hoppy
beer has grown over the last decade; scan data from the Industrial Research Institute
(IRI) shows the IPA share grew more than 10 times in size, or 6 million barrels in
absolute growth, between 2008 and 2015 (Watson, 2015). However, this number is
grossly underestimated since it does not capture on-premise consumer data or the influx
of hop inclusions in other beer styles. And despite their relatively small market share of
~12% of domestic beer volume, craft brewers have a huge impact on the hop industry
as they use a disproportionately high volume of hops compared to traditional beers from
large brewing companies (Helmer, 2016). Hop growers have responded to meet the
needs of craft brewers and beer drinkers alike with an upsurge in total hop acreage,
particularly for aroma hops, as well as offering a number of advanced hop products. In
2017, hop production was up by 20% from the previous year, totaling 104 million
pounds in the Pacific Northwest region alone (USDA-NASS, 2017). It is worth noting
how recent this trend is in the history of brewing, and the role of craft beer in stimulating
the growth of the United States hops industry.
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1.1 Current hopping practices
In order to achieve adequate transfer and preservation of hop aroma in beer, late
hopping or dry-hopping is commonly employed. Late hopping refers to the addition of
hops at the end of boil or during the whirlpool where hops are submitted to high
temperatures without excessive evaporation and subsequent loss of aroma compounds.
But the resultant flavors are completely different depending on the technique, and many
craft beers in the U.S. have been successful with the application of dry-hopping to
introduce intense hoppy flavor in beer (Schönberger & Kostelecky, 125th Anniversary
Review: The Role of Hops in Brewing, 2011). Dry-hopping is the addition of hops
during or post-fermentation and involves a cold extraction of hops in an alcoholic
solution (beer). It most likely originated in England around the 1800’s, with records
detailing the addition of fresh hops to fermenting cask beer. Throughout the 1900’s it
was only occasionally practiced by brewers, particularly as the main beer style globally
was pale lager beer with low hop aroma and hopping rates ranging from 50 – 100 g/hL.
In fact, it wasn’t until relatively recently that dry-hopping was permissible under the
German Purity Law (2012) (Almaguer, 2014). Over the past 10 – 15 years, the craft
brewing industry has produced evermore hoppy beers, and today craft brewers are
known for their extreme hopping additions, with rates of 500-800 g/hL of hops.
According to one major national craft brewery, modern techniques have more than
doubled the rate of dry-hop addition from 97 g/hL – 390 g/hL to 770 g/hL – 1200 g/hL
(Steele).
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Considering the substantial use of hops, now upwards of 1200 g/hL in North
America, much of the hop-related research is focused upon dry-hopping because this
technique allows brewers to use high hopping rates without substantially increasing beer
bitterness. With increasing amounts of hops used in brewing, this minimally processed
agricultural product has greater potential to impact beer quality beyond flavor. Many
brewers provide accounts of unexpected changes in beer quality parameters as a result
of dry-hopping including increases in residual sugars and pH, and in the presence of
yeast unwanted or unexpected increases alcohol, carbonation and diacetyl off-flavor.
The chemical constituents of hops that extract into beer can ultimately affect
fermentation performance and beer quality, which is of prime importance to brewers
and the beer consumer. Surprisingly, little research exists on the interaction between
hops and yeast outside of the effects on aroma compounds. But aroma is not the sole
quality parameter in beer, and investigations on dry-hop contributions to flavor and
fermentation will assist brewers in better anticipating any “unintended” consequences
of dry-hopping. The utility of hops in brewing will be discussed here, including what is
known about the volatile and non-volatile hop constituents that can extract into beer and
alter flavor and fermentation.
2. Hops
Humulus lupulus, commonly referred to as hops, is a dioecious, flowering,
perennial of the family Cannabaceae (Roberts T. a., 2006). Native to Europe and
western Asia, hops are now also cultivated in North and South America, Africa, and
Australia. About 97% of hops cultivated worldwide are used for brewing purposes, and
world hop production is dominated by Germany and the USA (Almaguer, 2014). There
3

are more than 100 named cultivars and 5 subspecies based upon morphology and
geographical location (Small, 1978) (Chadwick, 2006). Hops require an average day
length of 16 – 18 hours with temperatures between 15-18 °C throughout the growing
season; for this reason they are commonly cultivated between the latitudes 35 – 54 ° in
the northern and southern hemispheres (Barth, Klinke, & Schmidt, 1994). In the United
States, hops are primarily grown in the Pacific Northwest, though there has been a recent
emergence of hops production in the Midwest and Northeast in an effort to supply local
brewers (George, 2017).
Each spring, hops grows anew from rhizomes of the underground rootstock. As
a climbing bine, hops grow in a helical clockwise fashion around a twine strand or wire
where they are trained to 7.6 m or higher on a trellis (Verzele, 1991). The female hop
plant forms a strobile (or hop cone) which develops lupulin glands where resin rich in
bitter acids and hop oils is secreted (Almaguer, 2014). During July and August, female
hops develop cones rich in lupulin glands that contain secondary metabolites important
to beer flavor such as hop acids, hop oils and polyphenols. Hops are harvested in late
summer or early fall when cones have ripened and resin content is at its highest
(Almaguer, 2014). After harvesting, hop cones are carefully dried from 75-80%
moisture to about 10% moisture in a kiln at temperatures between 60-75 °C to prevent
deterioration and microbial growth. Traditional drying methods have focused on
maintaining the bittering quality of hops and not necessarily the intense aroma qualities
desired in modern brewing practice. (Benitez J. L., 1997).
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2.1 Hops morphology & physiology
The hop cones of female plants consist of a central strig (rachis) with bracts and
attached bracteoles. Housed within the hop cone, also referred to as a fruiting body, is
a yellow powdery substance called lupulin. The lupulin glands are small, pear-shaped,
glandular trichomes (approximately 0.2 mm in diameter) that contain essential oils and
other secondary metabolites. Lupulin glands can be found at the base of the bracteoles,
but also adhered to bracts, strig, and seed once detached (Briggs, 2004). Due to their
value in brewing, hop processing regimes have been optimized to concentrate and
recover lupulin from hop cones, such as through mechanical sieving or CO2 extraction
(Oliver, 2011). At the time of harvest, bracts and bracteoles are fully elongated and
trichomes are filled with secretions. Hop cone mass increases until the final stage of
development and accumulation of terpenophenolics (alpha acids, beta acids, and
prenylflavanoids) correlates with trichome maturation (Kavalier, et al., 2011).
2.2 Brewing value in hops
Hops are often valued based upon their alpha acid (bittering) and essential oil
(aroma) content both of which impart flavor to beer depending on the brewing process.
Evidence suggests that other factors such as variety, geography, harvest and processing
conditions have an effect on the overall flavor potential of hops, which will be discussed
in greater detail later on.
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2.2.1 Alpha acids
Alpha acids, precursors of the main bittering compounds in beer, can be found
in the soft resin fraction of hops. These alpha acids, are isomerized during wort boiling,
and the iso-alpha acids lend bitterness to beer. In 1969, brewers began selecting hops
on the basis of their alpha acid content, the primary driver for hops production which is
still relevant to this day (P.E. Doe, 1979) (R. A., 1991). Hop processors can also
chemically modify alpha acids and iso-alpha acids to produce advanced hop products
that are used to bitter beer.
2.2.2 Aroma
Aroma is another important quality when selecting hops for use in brewing as
hop essential oils present in the raw material may indicate the type and quality of hoppy
flavor transferable to beer. Hops produce up to 3% essential oil from which more than
450 aroma compounds have been chemically characterized, with myrcene and linalool
largely responsible for the typical scent of hops (Almaguer, 2014) (Roberts, Dufour, &
Lewis, 2004). Although brewers select hops on the basis of their oil content, it may not
significantly correlate with sensory aroma intensity of dry-hopped beer when taking
other variables such as cultivar differences and point of hop addition into account [29].
The flavor-active constituents of hop oil are broadly grouped into terpenes, sulfur
compounds and oxygenated compounds. Hop derived monoterpene alcohols exhibit
floral and citrus aromas and have been well characterized (linalool, β-citronellol, nerol,
geraniol), with linalool thought to be a useful indicator of hop flavor in beer (Takoi
Kiyoshi, 2010) (Kishimoto T. , Hop-derived odorants contributing to the aroma
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characteristics of beer, 2008) (Kishimoto, Wanikawa, Kono, & Shibata, 2006)
(Steinhaus, Wilhelm, & Schieberle, 2007). Sulfur compounds, particularly those found
in US grown hops, can lend strong tropical fruit and black currant-like aromas to beer,
a product of hop-derived thiols. The potential for non-volatile hop precursors to
transform into potent thiols in beer has been a topic of great interest in recent years, as
well as the influence of hop cultivar on the contribution of thiols (Kishimoto,
Kobayashi, Yako, Iida, & Wanikawa, 2008) (Gros, Tran, & Collin, 2013). The spicy
and herbal character of hops, often associated with kettle hopping, may be attributed to
oxygenated sesquiterpenoids, although the exact composition is intricate and may
include minor humulene and caryophyllene oxidation products (Van Opstaele, Praet,
Aerts, & De Cooman, 2013). The survival of flavor active hop compounds in finished
beer is largely dictated by complex brewing processes, and remains a challenge to
predict from the sensory qualities of raw hops alone.
2.3 Comparison of modified hop products
2.3.1 Powder and Pellets
Once kilned, hops are compressed into bales for transport to processing facilities
where they are further developed into a variety of modified “hop products.”
Modification of whole kilned hops allows for the creation of unique, value-added
products that are convenient to transport, store, and/or contain concentrated flavor
compounds. According to European Brewing Convention terminology (1986), hop
products are divided into seven main categories of processed material as follows: 1) hop
powder/hop pellets, 2) enriched hop powder/enriched hop pellets, 3) hop extract, 4)
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isomerized hop extract, 5) specialty hop powders/hop pellets, 6) specialty hop extracts,
and 7) hop oil (Clarke, 1986).
Hop powder/hop pellets are dried and hammer-milled hop cones in the form of
a powder or pellet; the enriched version is a lupulin-concentrated formulation achieved
via mechanical sieving, usually at temperatures of -20 °C or less. Enriched hop powder
has the advantage of providing 45-75% of the original hop by weight while maintaining
90-95% of the original alpha-acids. Hop pellets/powders facilitate a homogenous
mixture, consistent and efficient extraction in wort/beer, and easy handling in the
brewery with minimal beer loss due to hop solids. The disadvantages are largely
centered around degradation of resin quality due to oxidation, and manufacturers must
keep this in mind when selecting the appropriate packaging materials. Typically, high
barrier packaging (foil laminated to plastic polymers) flushed with inert gas (such as
carbon dioxide or nitrogen) is employed to prevent rapid oxidation of hop
powders/pellets. Additional steps are often taken to maintain cool temperatures during
processing such that pellets are not exposed to temperatures higher than 65 ºC (Forster,
1978).
2.3.2 Hop extract
Hop extract is designed to preserve the integrity of bitter and aroma compounds.
Within hop extracts, specialty extracts generally contain additives such as increased
amounts of hop oil, and isomerized extracts contain isolated isomerized alpha acids
(reduced isomers or salts of the isomers). While solvents are carefully selected for their
extraction and removal properties, there exists some concern over solvent residues in
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hop extract. The ideal, commercially-used solvent is liquid or super-critical carbon
dioxide; it is highly effective at extracting resins and essential oils from hops at sub
ambient temperatures, chemically inert, inhibits oxidation, and is a normal harmless
byproduct of fermentation. An additional benefit of carbon dioxide hop extracts is the
excellent preservation of hop aroma making for a favorable substitute to dry-hopping
(R. W. Scott, 1981). Isomerized extracts give the advantage of controlling for bitterness
quality as well as increasing the utilization of bittering components and can be
incorporated on beer transfer to storage vessels or during filtration of finished beer.
2.3.3 Hop oil
The aromatic hop oil fraction is generally steam-distilled at 100 ºC from hops
and recovered, like other essential oils, often yielding 3% or less oil from material. As
a brewing material, there are a number of shortcomings with using distilled hop oil, such
as the limited solubility of oil in beer, difficulties in dosing a highly concentrated
product and alterations to the natural hop oil chemical composition intrinsic to the
extraction method. As such, some brewers have adopted the practice of extracting hop
oil from hops by soaking the hops in fermenting or fermented beer. This process is
referred to as “dry-hopping”. Selective extraction of hop oil with liquid CO2 has also
been applied to preserve the integrity of delicate hop aroma compounds. Despite recent
and ongoing investigations on hop flavor chemistry, the preparation and use of hop oil
in the brewing process remains a challenging task, in part due to an incomplete
understanding of how hop oil translates to hoppy beer flavor.

9

3. Brewing process overview
3.1 Wort production
3.1.1 Malting
Beer is a product of four main raw ingredients: malted barley, hops, yeast, and
water. Barley must be malted before it is used for brewing extract. Malted barley, unlike
the raw grain, has undergone controlled germination to activate enzymes and modify
protein and starch reserves. The malting process can be broken down into three steps:
steeping, germinating, and kilning. The finished malted barley color and flavor varies
depending on the degree of kilning, but typical malt is dried to a moisture content of 4%
and contains all the enzymes necessary for converting starch to fermentable sugar.
3.1.2 Milling
The brewing process begins with the production of sweet wort from malted
barley. In order to separate the barley husk from the starchy endosperm and make it
accessible to enzymatic hydrolysis, malted barley must first undergo a milling step.
Well modified malt is typically milled via roller mill with two to four rollers; less
modified malts may need an increasing number of rollers or a hammer mill to improve
separation and usable extract. Once liberated, the barley husk is useful as a filter aid
upon subsequent mashing and lautering steps.
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3.1.3 Mashing
After milling, the grain, now termed “grist,” is transported to a mashing vessel
where it is mixed with hot water. High temperatures ensure adequate gelatinization and
degradation of starch via enzymatic hydrolysis. Different mash temperatures can be
harnessed to manipulate specific malt enzyme activities including β-glucanase (45 °C),
proteases (50 °C), β-amylase (65 °C) and α-amylase (72 °C). Mash temperature
programming can result in different beer flavor profiles; for example, a low mash
temperature (62 – 64 °C) can be used to make a highly fermentable beer with low
residual extract. Finally, enzymes are deactivated in the mash by increasing the water
temperature to 78 °C. Other mash parameters such as pH and water to grist ratio can be
used to dial in enzyme activity and conversion of starch to fermentable extract.
3.1.4 Wort Separation
Wort must be separated from grain solids for subsequent boiling and
fermentation steps. Traditional wort separation was undergone in the same vessel as
mashing, but modern systems may employ multiple vessels to increase throughput and
separation efficiency. One such vessel is called a lauter tun, which contains a slotted
false bottom with small openings to allow passage of liquid wort while leaving behind
solid material (such as husks). Mechanical rakes are often used to assist with filter bed
formation. After liquid is filled from the bottom of the lauter tun, recirculation of wort
over top of the grain forms a uniform filter bed. Once an acceptable level of turbidity is
achieved through recirculation, wort is transferred to the next vessel, usually a boil
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kettle, and hot sparge water is run over the remaining grain filter bed to ensure sufficient
extract removal (typically to 1 °P).
3.1.5 Wort Boiling & Cooling
After mashing, wort is heated to boiling, where it begins to evaporate (and
concentrate), with ideal conditions resulting in a rolling, vigorous boil. Hops may be
added to the boil kettle to impart bitterness and characteristic hoppy flavor. Wort boiling
is an essential step for beer quality as it serves to sterilize the wort, denature enzymes,
develop color and flavor, and transform hop alpha-acids to form bitter iso-alpha-acids.
An additional benefit of boiling wort is the volatilization of unwanted aroma
compounds, such as the conversion of S-methyl-methionine precursor to flavor active
dimethyl-sulfide and subsequent loss through vigorous boiling. In modern brewing
practice, finished boiled wort is chilled via plate heat exchanger and transferred to a
fermentation vessel where it may undergo aeration and yeast dosing on transfer.
3.1.6. Fermentation
Once cooled to the appropriate temperature, yeast is typically pitched into wort
at a rate of 1 million cells per mL per degree Plato; ale yeasts ferment between 18-22
°C, while lager yeasts prefer to ferment at cooler temperatures in the range of 8 – 13 °C.
Beer will continue to ferment until yeast is deprived of nutrients or sugar, at which point
it will often flocculate out of suspension and the beer is deemed to have reached its
terminal gravity. At terminal gravity, reduction of beer real extract halts and alcohol
production levels out. For ales, primary fermentation can finish in as little as 3 days,
with lagers taking closer to a week or more. Yeast produce a number of volatile
12

metabolic byproducts during fermentation and the composition and amount is
influenced by carbon and nitrogen sources. Of particular importance is the production
of the vicinal diketone 2,3-butanedione (diacetyl), a byproduct of valine synthesis in
yeast, which gives beer an undesirable butterscotch aroma. In addition to reaching
terminal gravity, beer must be allowed sufficient time for yeast to uptake diacetyl and
convert it to 2,3-butanediol, which has a much higher flavor threshold. After
fermentation, beer undergoes maturation to promote stabilization, and may be further
blended, diluted, carbonated, pasteurized, and packaged for distribution to customers.
3.2 Hop utilization in brewing
Hops are added during and/or post wort boiling to impart characteristic
bitterness and aroma to beer. Hops added during the boil are subject to elevated wort
temperatures allowing for alpha acids to isomerize into bitter iso-alpha acids. In order
to capture hoppy flavor and aroma, hops should be added at the end of boil or whirlpool
to reduce the loss of volatile aroma compounds through evaporation. An alternative
method to enhancing hoppy beer aroma is to add hops to fermenting or fermented beer,
often termed dry-hopping, to impart flavor characteristics that would otherwise be lost
if added to hot wort. General dry-hopping protocols outline the addition of hop pellets
to the lagering tank for a period of 1-3 weeks (Opstaele, Rouck, Clippeleer, Aerts, &
Cooman, 2010). However, a survey of modern regional craft breweries revealed that
dry-hopping techniques are more wide-ranging than this (Wolfe, 2012). Hop residence
time ranged from 1-21 days, with either whole hop cones (bagged and free), hop pellets,
or hop oil products. In some instances, dry-hopping was performed on actively
fermenting yeast. It is important to distinguish that dry-hopping in the presence of
13

sufficient yeast is subject to biotransformation and a markedly different aroma profile
than beer dry-hopped without yeast. Methods to mix or “rouse” dry-hops are believed
to extract more aroma compounds and thus employed by brewers regardless of hop
product.
3.3 Influence of brewing process on hoppy flavor in beer
3.3.1 Kettle hopping
The extraction of alpha acids and their subsequent isomerization to iso-alphaacids in wort has a significant impact on overall quality and flavor of the finished beer.
From a consumer standpoint, bitterness quality can be one of the most perceptible
sensory attributes in beer (Hughes P. , 2000). During wort boiling, alpha acids from
hops undergo thermal isomerization to more soluble and bitter iso-alpha-acids, of which
there are two isomers: cis and trans. The major bittering isomers in beer are
isohumulone, isocohumulone, and isoadhumulone, thus six isoforms are present in
varying degrees. In conventional wort boiling, only about 50% of alpha-acids go into
solution, and further downstream losses to trub and yeast may result in an overall
utilization of 10-40% (Briggs, 2004). Because of the low utilization rates and transfer
of iso-alpha-acids from hops to beer, some brewers will supplement or entirely
substitute kettle hops with isomerized hop extracts added post fermentation. Hops added
during the boil and whirlpool, irrespective of cultivar, lend hoppy aroma to finished
beer, with the most intense odor-active components being linalool, geraniol, ethyl 3methylbutanoate, ethyl 2-methylbutanoate, and ethyl 2-methylpropanoate (Kishimoto,
Wanikawa, Kono, & Shibata, 2006). A “noble hop” or “kettle hop” flavor is associated
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with the oxidation and hydrolysis of sesquiterpenes, which undergo biotransformation
during fermentation (Goiris, et al., 2002). Still, Kishimoto investigated the behavior of
hop oil during wort boiling and found the majority of flavor active terpenoids were lost,
partly due to their low boiling points (Kishimoto T. , Hop-derived odorants contributing
to the aroma characteristics of beer, 2008). In order to retain valuable hop flavor
compounds in beer, it is therefore recommended to add hops at the end or after the
boiling process.
3.3.2 Dry-hopping
Cold extraction of hop material is commonly used to lend unique hoppy aroma
to beer. New aroma varieties and blends give brewers increasingly more options for
differentiation by crafting exclusive hop forward beers. The type and intensity of hoppy
aroma transferred to beer depends on the method of hop addition, cultivar, product type,
timing of addition, and dosing rate. In a comparison of single varietal kettle hopped and
dry hopped beer, panelists detected significant sensory differences, noting that dryhopped beer had higher citrus, tropical and stone fruit than its kettle hopped counterpart
(Sharp, Steensels, & Shellhammer, 2017). Hop derived terpenoids are generally
responsible for the floral, citrusy, fruity, or woody, green, herbal and pine aromas found
in beer (Almaguer, 2014). While the largest percentage of hop oil consists of terpenoids,
the complexity of hoppy beer aroma is not well described by one class of compounds
alone; it is a product of the interactions of a multitude of chemical compounds (Eri,
Khoo, Lech, & Hartman, 2000). Transfer of aroma compounds from hops is complex
as during fermentation, hop compounds present in beer undergo chemical modification,
biotransformation, esterification, reduction, and others (King A., 2000) (Praet, Opstaele,
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JAskula-Goiris, Aerts, & Cooman, 2012). As new aroma compounds are liberated, some
hydrophobic hop compounds, such as myrcene, may be lost during fermentation through
absorption by yeast, removal of trub, and others through volatile stripping via carbon
dioxide production. While dry-hopping does not result in isomerization of alpha acids,
in some cases it has been shown to contribute perceived bitterness to beer due to the
extraction of humulinones and polyphenols (Parkin & Shellhammer, 2017).
3.4 Changing beer hopping practices
Both traditional German and British beers were modestly hopped until the
British IPA. American ale-making during the 19th century probably harkened to the
British tradition, as many Central European brewers immigrated to the New World
during this time. After prohibition was repealed in 1933, American brewers began to
make lighter lagers and with the shortage of raw materials during World War II,
breweries were forced to increase the use of adjuncts such as corn and rice. The
divergent brewing practices of American craft brewers in the 1990’s reawakened the
full-bodied beers from pre-prohibition America, and the introduction of American IPA
showcased hop varietals in the Pacific Northwest. American IPA’s are stronger beers,
similar to their parent British IPA’s, but with an aggressive use of hops that impart
signature bitterness and aroma. Over the years, craft brewers have continuously used
hops in an evermore extreme fashion, creating additional categories of hoppy beer like
the American Double IPA and American Imperial IPA which are both characterized by
higher hops and alcohol. (Dornbusch, 2015).
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4. Hop flavor in beer and factors that influence it
Research abounds on the subject of hop flavor chemistry, yet the creation and
preservation of “hoppy aroma” in beer is not yet fully understood. Hop flavor in beer is
a complex matter because the aroma and composition of fresh and processed hops does
not directly translate to hoppy aroma in beer. Monoterpenoids are flavor active
compounds produced by numerous species of plants that lend important aroma
characteristics to dry-hopped beer (King A., 2000). These terpenoids have sensory
characteristics that range from floral, fruity, minty and peppery. Subtle changes in
stereochemistry through isomerization can lend unique aroma characteristics to
terpenoids. For example, geraniol exhibits a floral citrus aroma while the cis isomer,
nerol, has a fresh, “green”, odor (King & DIckinson, 2003). Of the terpene alcohols,
linalool has been shown to be an important indicator of hop variety and hop-derived
beer flavor (Stucky & McDaniel, 1997). However, it is important to consider all other
monoterpene alcohols and their combined effect on hop-flavor characteristics. The
additive and synergistic effects of hop oil compounds and volatile fermentation products
highlight the difficulty of using a single hop compound to adequately describe
characteristic hoppy aroma. Recently, Takoi et al. described the synergy of monoterpene
alcohols such that only 5 ppb of geraniol and B-citronellol were enough to elicit an
additive effect with linalool, essentially lowering the individual thresholds of these
respective compounds (Takoi Kiyoshi, 2010).
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4.1 Nonpolar compounds: hop acids and oils
Hops contain two major non-polar chemical classes that influence flavor: the
iso-alpha acids (bitterness) and monoterpenes (aroma). The amount of total essential
oil, and composition therein, has been shown to relate to growth conditions, ripeness at
time of picking, drying processes, age and storage, geographical origin and hop variety
(Howard & Slater, 1957). Temperature and rainfall are important climatic conditions
for the formation of alpha acids in hop cones, as well as the proportions of cohumulone,
adhumulone, and humulone (Hautke & Petricek, 1967). Hops harvest date has been
shown to influence the properties of dry-hopped lager beer; when taken over a period
of 24 days, hops harvested “very late” had on average 28% higher alpha and 30% higher
oil content than those harvested “very early”. Further sensory analysis of beers dryhopped with early and late harvested hops revealed significant differences (Bailey, et
al., 2009). However, the effects of late harvest hops on beer sensory properties may be
dependent on hop cultivar and dry-hopping technique employed. Researchers found no
significant sensory differences between beer dry-hopped with Mandarina Bavaria over
different harvest dates, noting that high amounts of fermentation by-products may have
been responsible for masking hop aroma compounds (Schnaitter, Wimmer,
Kollmannsberger, Gastl, & Becker, 2016). The effects of terroir describe the impact of
geographical, climatological, and soil conditions on flavor and quality. Investigators in
Ghent recently provided evidence that terroir contributes to hop aroma consistency (Van
Holle A. , Van Landschoot, Naudts, & De Keukeleire, 2017). Determining the impact
of terroir on the chemical composition of hops will be an important step towards
understanding the brewing value in hops.
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4.2 Polar compounds
Historically, the non-polar fraction of hops has been prized for its characteristic
bitterness and aroma potential. But hops also impart a water-soluble fraction comprised
of sugars, nitrogen containing compounds, and minerals. This previously ignored
fraction can extract into beer during dry-hopping and it is not known to what extent
these compounds influence beer quality. The water-soluble (polar) fraction of hops
makes up 20-25% of solids with a significant 82.6% of these being carbohydrates
(Patent No. 5972411 A, 1997). These polar compounds, including monosaccharides
(2% of hop cone dry weight), residual carbohydrates (cellulose, lignin, ~40-50%),
amino acids (0.1%), and protein (15%), are known to influence fermentation in
wort/yeast systems (EBC Technology and Engineering Forum, 1997). In hop-forward
beers, it is therefore expected that the addition of hops has the potential to influence the
dynamics of yeast fermentation, and this may have significant impacts on brewery
throughput, beer quality, and flavor.
4.2.1 Nitrogen, minerals and carbohydrates
Nitrogen from hops may be in the form of nitrate, ammonia, amino acids, and
proteins which if extracted into beer may be utilized by yeast during fermentation.
Nitrogen presence may stimulate fermentation and otherwise alter yeast metabolism to
affect downstream formation of flavor-active secondary metabolites (Briggs, 2004).
And, while the proportion of free amino acids in hops is relatively small, yeast and other
microbes may degrade hop proteins to enrich this pool (Gibson, Lawrence, Leclaire,
Powell, & Smart, 2007). Recently, it was demonstrated that dry-hopping can alter yeast
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purine metabolic pathways providing further evidence that hops can interfere with
nitrogen utilization (Spevacek, Benson, & Slupsky, 2016). Nitrogen utilization by yeast
is important for fermentation products; the amino acid composition alone can
significantly impact diacetyl off-flavor during fermentation (Lei, Xu, Feng, Yu, & Zhao,
2016).
Hops are also a known source of minerals and exhibit unique metal scavenging
properties. Minerals from hops have the potential to impact beer pH and subsequent
microbial stability, beer staling, and influence enzymatic activities important to
fermentation and flavor. According to Wietstock and Kunz, hops contain the highest
amount of metal ion concentrations in comparison with other brewing raw materials
(with the exception of zinc, which was higher in yeast) (Wietstock & Kunz, 2015). More
recently, Porter and Bamforth showed that manganese and zinc leach into beer during
dry hopping potentially impacting beer staling (Porter & Bamforth, 2016). Hops are a
known source of carbohydrates consisting of simple sugars (glucose, fructose), maltose,
dextrins, and complex carbohydrates that may impact beer fermentability, flavor,
mouthfeel and package stability (Patent No. 5972411 A, 1997) (Oosterveld, Voragen,
& Schols, 2002) (EBC Technology and Engineering Forum, 1997). A better
understanding of the components from hops that are extracted into beer will provide
opportunities to improve utilization of ingredients and optimize both fermentation and
flavor. The impact of hop carbohydrates on fermentation has not previously been
explored, yet flavor compounds can also be influenced by sugar composition in
fermenting beer (Lei, Xu, Feng, Yu, & Zhao, 2016).
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4.3 Hop enzymes
In addition, bioactive enzymes present within or on hops may change the type
and amount of fermentable carbohydrates in beer. While it has been 76 years since
Janicki et al observed hop maltase activity and apparent stimulation of “after
fermentation” during dry-hopping, little additional knowledge has been reported since
(Janicki J. , Kotasthane, Parket, & Walker, 1941). Secondary fermentation is known to
produce alcohol and carbon dioxide and may potentially impact flavor active
compounds in beer. It is not known whether the action of these enzymes affects
formation of diacetyl off-flavor during dry-hopping or if they are concentrated in
various hop products and exert continued activity to compromise packaged beer
stability. A review of the literature on hop enzymes will be discussed in greater detail
in following sections.
4.4 Interplay between hops and yeast
4.4.1 Yeast interactions that influence hop flavor in beer
The recent understanding that hop and yeast interactions can transform desirable
hop aroma compounds in beer has spurred innovative dry-hopping practices (Takoi
Kiyoshi, 2010) (Praet, Opstaele, JAskula-Goiris, Aerts, & Cooman, 2012). King and
Dickinson were among the first to characterize the biotransformation of monoterpene
alcohols by yeast during fermentation of beer (King A., 2000) (King & DIckinson,
2003). It is now accepted that Saccharomyces cerevisiae can reduce geraniol into
citronellol, translocate geraniol and nerol to linalool, and isomerize linalool and nerol
to a-terpineol. There is evidence that the concentration of oxygenated compounds can
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also be influenced by yeast via esterase activity, generating esters from terpene alcohols
(ie. geranyl, citronellyl, and others) during fermentation (King & DIckinson, 2003).
Additionally, yeast has a wide range in β-glucosidase activity, whereby glycosidically
bound volatiles such as linalool and geraniol, can be released. There is evidence that
hops contain substantial amounts of glycosidically bound volatiles (Sharp, Vollmer,
Qian, & Shellhammer, 2017). However, it has been shown that glycoside concentrations
in wort are relatively low, therefore yeast β-glucosidase activity is not likely to make
significant contributions to hoppy beer aroma (Sharp, Steensels, & Shellhammer, 2017).
Most likely, the release of volatile aglycones from hop glycosides is due to acid
hydrolysis, with typical beer pH between 4.0-4.2 (Gijs, Chevance, Jerkovic, & Collins,
2002). Recent interest in polyfunctional thiols, powerful odourants, revealed yeast lyase
activity capable of catalyzing the release of non-volatile cysteine-S-conjugates in wine
and beer fermentations (Toniga, Peyrot de Gachons, & Dubourdieu, 1998) (Gros, Tran,
& Collin, 2013). In addition to transformation of chemical constituents in hops, yeast
may impact hop aroma in other more direct ways. The observation that oxygenated
terpenoids are more likely to be present in beer than alkenes is thought to be due to the
hydrophobic nature of alkenes and interaction and consequent removal via the yeast cell
membrane. In 2012, Praet et al. provided a comprehensive review of the impact of yeast
on hop oil-derived aroma compounds during fermentation (Praet, Opstaele, JAskulaGoiris, Aerts, & Cooman, 2012).
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4.4.2 Refermentation, hop creep, or freshening power of the hop
The creative usage of hops in modern craft beers illuminates an inherent
characteristic of hops that, until now, was lost in history: bioactive enzymes. In the age
of 1800’s English cask beers, dry-hopping was a common technique known to lend
“freshening power” to beer. This term refers to the ability of hops to stimulate a
secondary fermentation, resulting in a cask beer that was noticeably drier (with
consumption of sugars by yeast) and more effervescent (as carbon dioxide is produced
in alcoholic fermentation). Brown and Morris first investigated the phenomenon of hop
enzymes in 1893, noting a small but appreciable amount of diastase, enzymes that
catalyze starch hydrolysis, present in hop cones. They concluded that hop enzymes were
capable of slowly degrading beer dextrins and elucidating fermentable sugar which,
when made accessible to yeast, results in a secondary fermentation (Brown & Morris,
1893). Sometime later, in 1941, Janicki et al. augmented Brown’s findings and surveyed
a suite of hops for diastatic power, or ability to hydrolyze a starch substrate. Of the 33
samples tested, they concluded that the saccharifying activity of hops did not vary
widely over a range of pH (4.1-4.8), or with respect to variety, origin, age, and cold or
warehouse storage. Most interestingly, they concluded that a maltase enzyme, capable
of producing maltose as a hydrolysis product, was present in dry hops. The discovery
of hop diastase led Brown and Morris to embark on another important investigation,
which is the broad ability of foliage leaves to hydrolyze starch (Brown & Morris, 1893).
This query focuses on the formation and subsequent degradation of starch in leaf tissue,
as well as its translocation within the plant and intermediate products. And while
divergent from the science of technical brewing, this topic is nonetheless significant for
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the advancement of our current understanding of the brewing value of hops, and as such
will be discussed at greater length later on.
It is relevant to consider the effects of bioactive hop enzymes on beer quality,
particularly in the case where refermentation is not accounted or controlled for in the
brewery. Both alcohol and carbon dioxide in beer may pose a risk if allowed to exceed
target and legal specifications central to beer quality. In the first instance, breweries in
the United States are bound by TTB to comply within a deviation of ±0.3% alcohol from
the concentration provided on the beer label. If sufficient enzymatic hydrolysis of beer
dextrins occurs, and yeast is present to undergo a secondary fermentation, it is plausible
that this alcohol specification may fail to meet legal standards. Craft breweries are
particularly susceptible to this risk if not employing high gravity brewing where finished
beer can be diluted to a target alcohol concentration prior to packaging. Special attention
must be given to carbon dioxide produced from refermentation; consumer and worker
safety is a critical issue if occurring within packaged beer. Typical approximate
guidelines for bottle ratings suggest no greater than 3 volumes of CO2 (6 g/L) in an
amber 355 mL beer bottle, and 3.5 volumes in a 33 cl Belgian bottle. Given a beer that
on average contains 2.5 volumes of CO2, only 0.2 °P of additional fermentable sugar is
sufficient to approach a pressure limit of 3 volumes. Refermentation within glass bottles
thus poses a significant consumer safety risk due to exploding bottles. With the potential
to create beer that is outside the legal specification for alcohol or posing a safety risk
due to package overpressurization, the issue of controlling “hop creep” should be of
prime importance to brewers.
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5. Plant carbohydrate metabolism: synthesis and dissolution of starch
5.1 Biochemical functions of barley
Barley (Horderum vulgare) is the choice cereal seed utilized in the production
of beer due to its starch enriched endosperm and native enzymes that may be
manipulated to transform starch into fermentable sugars. Starch is comprised of two
main glucose polymers: amylopectin (branched) and amylose (linear). Linear amylose
glucosyl chains are linked via alpha 1-4 glucoside bonds while amylopectin contains
branch points linked by alpha 1-6 glucoside bonds at every 20-25 glucose units. In
barley, the majority of starch is in the form of amylopectin, with the remaining
polysaccharides consisting of approximately 30% (w/w) amylose content (Amylose
Content and Chain Profile of Amylopectin from Normal, High Amylose and Waxy
Barleys, 1994). The barley endosperm contains starch stores housed within a protein
matrix as energy reserves for plant growth and germination. The tissue surrounding the
starchy endosperm, referred to as the sub-aleurone layer, contains the enzyme βamylase to assist with unpacking starch granules into usable units of maltose. During
germination, barley gibberellins induce the synthesis of several α-amylase isoforms in
the embryo. In malting, environmental conditions are manipulated by the maltster to
encourage germination of the grain, production of enzymes, with minimal breakdown
of starch (Table 1). Brewers then manipulate enzyme activity through mashing
parameters such as temperature to produce fermentable sugars from malted barley starch
reserves.
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Table 1. Carbohydrate composition (% dry basis) of Carlsberg barley (TN 1.43%) and
malt. (Adapted from Table 4.15 (Briggs, 2004)).
Glucose
Fructose
Sucrose
Maltose
Maltotriose

Barley
0.04
0.07
0.77
0.00
0.00

Malt
1.31
0.55
3.73
0.73
0.42

5.1.1 The role of amylase and limit dextrinase
Several enzymes prevalent in malted barley are capable of breaking down starch
during the malting and mashing processes. The exo-acting enzyme β-amylase liberates
maltose from non-reducing ends of alpha 1-4 linked glucose polymers; it cannot act at
alpha 1-6 branch points, or near them. α-amylase is an endo-acting amylase which can
hydrolyze internal linear alpha 1-4 linkages and liberate dextrins for saccharification in
conjunction with β-amylase. While alpha and β-amylase activity explain the majority
of starch hydrolysis during mashing, other enzymes are known to play important roles
in temperature controlled mashing. Limit dextrinase may hydrolyze a small amount of
alpha 1-6 branch points resulting in maltose and maltotriose products. The act of malting
increases the amount of alpha glucosidase present in barley which can release single
units of glucose from maltose, isomaltose, oligosaccharides, dextrins and starch with
preference for alpha 1-4 links and slow hydrolysis of alpha 1-6. There is some evidence
of a debranching enzyme that catalyzes the hydrolysis of alpha 1-6 linkages in
amylopectin and dextrins to release maltose and maltotriose from beta limit dextrins,
though its role as a malt enzyme is uncertain (Briggs, 2004). Additionally,
phosphorylase, an enzyme responsible for catalyzing the cleavage of terminal alpha 1-
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4 links in non-reducing chain ends to release glucose-1-phosphate, is present in barley
and green malt; though its role in mashing has not been investigated, it has potential to
degrade amylose chains up until a branch point, and generate glucose-1-phosphate,
which can further be broken down to glucose in the presence of phosphatases (Briggs,
2004). As the ultimate result of mashing, amylopectin is broken down into maltose and
β-limit dextrin with non-reducing ends that are within two to three glucose units from
branch points. Of all the enzymes present in malted barley, β-amylase is the only one
that correlates well with the determination of diastatic power, a measure of the combined
enzyme (diastase) activity that catalyzes the hydrolysis of starch.
5.1.2 Carbohydrate composition of wort
Sweet wort is comprised of a complex carbohydrate mixture, and the exact
composition varies depending on grist content as well as mashing conditions, however
wort composition is remarkably similar in conventional worts according to MacWilliam,
1968. The important sugars and dextrins present in finished wort include free glucose
as well as the glucose polymers maltose, maltotriose, maltotetraose, and maltopentaose
(for an introduction on carbohydrate chemistry, please refer to Coultate, 2016). In
addition, sucrose and fructose are present in smaller amounts. Maltose is the most
abundant sugar in wort, as the partial hydrolysis of starch via mashing increases the
concentration to 40 times that of malted barley (by hexose equivalents in % wort solids)
(Briggs, 2004) (Table 2). During beer fermentation, yeasts rapidly take up mono and
disaccharides, with maltotriose fermented more slowly or incompletely. Unlike cider or
wine must, mashing leaves so-called “unfermentable” dextrins in wort, which are not
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utilized by brewing yeast and therefore left behind in the finished beer product. The
residual dextrins in beer are to blame for the unintended consequences of “hop creep”
whereby they are subject to enzyme hydrolysis to yield fermentable sugars and resultant
alcohol and carbon dioxide in the presence of yeast.
Table 2. Carbohydrate fractions in malt and wort, expressed as hexose equivalents (%
total wort solids). (Adapted from Table 4.16 (Briggs, 2004)).
Glucose
Fructose
Sucrose
Maltose
Maltotriose
Starch
Dextrins, glucans, pentosans
a

Malt
1.7
0.7
5.1
1.0
0.6
85.8
2.5b

Wort
8.9a
5.5
41.1
14.0
22.2

Glucose and fructose combined
Not including dextrins

b

5.2 Energy storage in plants
Plants survive by using a suite of enzymes and complex cell machinery to shuffle
carbon around. At the most basic level, photosynthesis is the conversion of light energy
to chemical energy whereby carbon is “fixed” into organic compounds (Figure 1). The
pigmented compound chlorophyll is located in the plant chloroplasts where
photosynthesis reactions occur. In most plant species, carbohydrates are synthesized in
source tissues (leaves) and translocated as soluble sugars (i.e. sucrose) to sink tissues
(roots, flowers, fruits) to sustain heterotrophic metabolism (Lincoln Taiz, 1991).
Although enzymes may be common to both pathways, starch degradation in the
chloroplast is significantly different from that of a germinating cereal seed endosperm
like barley. Starch photosynthesized in leaves is termed “transitory” since it serves as a
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short-term reservoir for carbon stored during the diurnal cycle. Medium to long-term
starch accumulates in non-photosynthetic tissues such as seeds and roots for
germination and is commonly referred to as “storage starch” (Sebastian Streb, 2012).
Often, transient starch synthesis occurs at a specific developmental stage to support
substantial metabolic processes, such as in the early stages of Arabidopsis pollen
development or to increase local sink strength in order to build carbon reserves (Kuang
A, 1996) (da Silva, Eastmond, Hill, Smith, & Rawsthorne, 1997).

Figure 1. The chemical equation of photosynthesis.
Starch synthesis in plants requires the concerted effort between numerous
bioactive enzymes such as starch synthases and starch branching enzymes, which are
primarily responsible for elongation of alpha 1-4 and alpha 1-6 glucans respectively. In
the early stages, starch synthases catalyze the formation of new alpha 1-4 linkages by
adding a glucose linked Adenosine Diphosphate (ADP-Glc) to the non-reducing end of
existing chains. Once an adequate length is achieved, branching enzymes transfer a
segment of 6 or more glucose residues. Additionally, a host of starch debranching
enzymes, responsible for cleaving alpha 1-6 branch points, are purported to adjust
branch position to promote starch granule crystallization (Smith A. M., 2012) (Ball &
Morell, 2003). Using a mathematical model for starch synthesis in Arabidopsis, Wu et
al provides evidence to suggest that alpha amylase is the primary enzyme involved in
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transient starch synthesis, acting on mainly short amylose chains (DP 6-11) (Wu, Ral,
& Morell, 2014).
5.3 The utility of plant derived starch-degrading enzymes
The metabolic pathways and components of starch metabolism in plants is
highly conserved and Arabidopsis has proven a valuable model organism for studying
the physiology of plant starch metabolism (Ball & Morell, 2003). Several amylases have
been previously described in Arabidopsis, with at least one localized in chloroplastic
tissues (Yu, et al., 2005). While plant amylases are best known for encouraging cereal
seed germination (ie. barley), evidence points towards an important role in editing the
structural chain lengths during transient starch synthesis. Streb et al, previously reported
α-amylase to be involved in transient starch synthesis in Arabidopsis leaves, although
its absence can be compensated for by other starch degrading enzymes present (Streb,
Eicke, & Zeeman, The simultaneous abolition of three starch hydrolases blocks transient
starch breakdown in arabidopsis, 2012).
β-amylase is another important enzyme for transient starch granule degradation
in leaves. Glucans released via debranching activity can be degraded during the day by
β-amylase and maltose has been shown to reach higher concentrations at night than
during the day suggesting a diurnal effect on activity levels (Streb & Zeeman, 2012).
Mutant plants lacking β-amylase accumulated starch during the dark period, illustrating
the important role of β-amylase amylase in starch utilization (Fulton, et al., 2008)
(Scheidig, Frohlich, Schulze, Lloyd, & Kossmann, 2002). Μaltose was shown to
accumulate in a mutant Arabidopsis without debranching enzymes, supporting the idea
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that β-amylase plays an important role in transient starch synthesis (Streb, et al., 2008).
The presence of debranching enzymes has also been described in plants, primarily
isoamylase and limit dextrinase. Limit dextrinase in Arabidopsis has been shown to
have a preference for substrates with short branches such as β-limit dextrins, a product
of β-amylase degradation (Streb & Zeeman, 2012). However, debranching enzymes
may only play a minor role in starch synthesis since their removal did not appear to
interrupt normal starch synthesis when α-amylase and β-amylase were restored (Wu,
Ral, & Morell, 2014).
The degradation of maltooligosaccharides occurs in the plant stroma via the
action of β-amylase, α-amylase, and the debranching enzymes isoamylase and limit
dextrinase, among others. First, α-amylase cleaves branched malto-oligosaccharides for
subsequent degradation by debranching enzymes and finally β-amylase (Figure 2). In
addition, β-amylase can release maltose units directly from the starch granule surface.
Glucose can be formed via a disproportionating enzyme (DPE1) from linear maltooligosaccharides or as a product of α-amylase such as in the degradation of
maltotetraose to yield glucose and maltotriose. Both β-amylases and debranching
enzymes have been reported to be significant for starch degradation in Arabidopsis
chloroplasts (Streb & Zeeman, 2012).
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Figure 2. Pathway of starch degradation in chloroplasts. (Streb & Zeeman, 2012).
5.3.1 Localization of enzymes within the plant
While most of the work on transient starch synthesis in plants has focused on
leaf tissues, other cell types have been shown to synthesize starch in their plastids.
Starch may be synthesized in epidermal cells, stomatal guard cells and in bundle sheath
cells around vasculature, as well as in root cells (Streb & Zeeman, 2012). Floral tissues
have previously been reported to produce starch, such as nectaries, the nectar-producing
tissue in plant ovary walls, and stamen filaments (Ren, et al., 2007). It was recently
found that starch granules in grape berries are located in the chloroplast of subepidermal tissues as temporary starch reserves crucial to grape development (Xudong,
et al., 2017). However, it is possible that different forms of starch synthase enzymes
operating in different cell types are not the same, such as in the case of tissue-dependent
starch (Delatte, Trevisan, Parker, & Zeeman, 2005). If Humulus lupulus is consistent
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with this behavior, enzymes related to starch synthesis may be concentrated in leaf
tissue, but also dispersed throughout the fruiting body, or hop cone, as well.
5.3.2 Diurnal effect on plant enzyme activity
The diurnal effect on the formation and degradation of starch in source leaves
has been widely studied in many plants (Wang, Yeh, & Tsai, 2001) (Hendriks, Kolbe,
Gibon, Stitt, & Geigenberger, 2003) (Lu, Gehan, & Sharkey, 2005) (Smith, et al., 2003).
In photosynthetic plant tissues, carbon is fixed in the form of starch during the day and
utilized as a sugar source for respiration and it has long been understood that the
function of transitory starch is to support metabolism at night (Wu, Ral, & Morell, 2014)
(Caspar, Huber, & Somerville, 1985). Starch metabolism is critical for optimal growth
of plants during the diurnal cycle, as is demonstrated by severe slow-growth
Arabidopsis mutants unable to make starch (Stitt & Zeeman, 2012). Seung et al.
described an α-amylase with light-dependent activation during starch synthesis (Seung,
et al., 2013). In fact, circadian rhythms have been shown to influence the gene
expression of enzymes important to starch metabolism such as ADP-glucose
pyrophosphorylase, β-amylase, and sucrose phosphate synthase in grape fruitlets and
leaves (Xudong, et al., 2017). Contrary to the increased activities of most starch
synthesis enzymes in the daytime, researchers found that β-amylase showed the reverse
effect in grape fruitlets than in leaves, with fruitlets having increased activity at night.
6. Conclusions
There are a host of enzymes associated with starch synthesis and metabolism
in plants such as Arabidopsis; this machinery is known to be conserved and essential
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to plant growth and survival. It is reasonable to assume hops contain a similar suite of
enzymes capable of degrading complex carbohydrate reserves to release mono and
disaccharides to satisfy energy requirements. Enzymes in hops may survive postharvest and kilning steps, remaining in a suspended state until hops are hydrated
during the brewing process. Enzymes are not likely to survive the high temperatures of
boiling wort, but hops added during or after fermentation may reawaken enzymes to
hydrolyze carbohydrates present in beer. These carbohydrate substrates may be
provided by beer dextrins or derived from hop carbohydrate and starch reserves, and
enzymic hydrolysis will result in the production of mono and disaccharides like
glucose and maltose. If starch degrading hop enzymes survive in beer during
fermentation, fermentable sugar produced as a result will be subject to refermentation
by yeast. If resultant refermentation by yeast is not accounted for, excess alcohol and
carbon dioxide in beer will create out of specification and safety concerns in the
finished beer product. The biproducts of yeast metabolism lend signature flavor active
esters and higher alcohols to beer; the sensory perception and chemical concentration
of aroma compounds is subject to change upon beer refermentation. Furthermore,
enzymic hydrolysis of beer dextrins can change beer sugar profile and potentially
influence sensory characteristics, in particular mouthfeel and sweetness. The
downstream effects of hop enzymes will be an important issue for hop growers,
processers and brewers who seek to improve and add value to their products.
Investigations around how hop enzymes are linked to cultivar, growth conditions,
harvest timing, storage and handling, and brewing practices will be essential to
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understanding the degree to which hop enzymes impact beer production and resultant
flavor, stability, and quality.
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Abstract
Dry-hopping, the addition of hops to beer during or after fermentation, is a
common practice in brewing to impart hoppy flavor to beer. Previously assumed to be
inert ingredients, recent evidence suggests that hops contain biologically active
compounds that may also extract into beer and complicate the brewing process by
altering the final composition of beer. Experiments described herein provide evidence
of enzymes in hops (Humulus lupulus) which can impact beer quality by influencing the
composition of fermentable and nonfermentable carbohydrates in dry-hopped beer.
Fully-attenuated and packaged commercial lager beer was dry-hopped at a rate of 10 g
hops/L beer with pelletized Cascade hops, dosed with 106 cells/mL of ale yeast, and
incubated at 20 °C. Real extract of the treated beer declined significantly within several
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days with a reduction of 1 °P (% w/w) after 5 days and then slowly to a total reduction
of approximately 2 °P after 40 days. When fully fermented, this was equivalent to the
production of an additional 4.75% (v/v) of CO2 and an additional 1.3% (v/v) of alcohol.
The refermentation of beer driven by dry-hopping was attributed to the low but
persistent activities of several starch degrading enzymes present in Cascade hops
including amyloglucosidase, α-amylase, and β-amylase. The effect of hop-derived
enzymes on beer was time, temperature and dose-dependent. Characterizing bioactive
enzymes in hops will help hop suppliers and brewers to address the unexpected quality
and safety issues surrounding hopping practices in beer.
Keywords dry hopping, hops, humulus lupulus, amylase, maltase, over
attenuation, refermentation
Introduction
Hops (Humulus lupulus) are used in beer production primarily to impart
characteristic bitterness and aroma and to lend antibacterial resistance to beer. Their use
also facilitates precipitation of protein during brewing, aids in filtration post-boiling,
enhances beer foam properties, and promotes foam lacing (Moritz & Morris, 1891)
(Hughes P. S., 1993). In the case where distinctive hoppy aroma is desired, late-hopping
or dry-hopping techniques are commonly employed to preserve the heat sensitive
volatile aromatic compounds in the essential oil fraction of hops. Late-hop additions are
performed at the end of wort boiling just prior to wort chilling to impart hop aroma with
minimal evaporative losses. In contrast, dry-hopping is a cold extraction of hops in beer
during the lagering process and sometimes during active fermentation on yeast
(Schönberger & Kostelecky, 125th Anniversary Review: The Role of Hops in Brewing,
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2011), and it allows a brewer to add a significant quantity of hops, and hence hop aroma,
to beer without adding substantial bitterness that normally occurs during wort boiling.
During fermentation, yeast may transform hop compounds thereby modifying hoppy
beer aroma (King A., 2000) (Takoi Kiyoshi, 2010). This knowledge combined with an
array of new, aromatic hop varieties has led to innovative and radical dry-hopping
techniques to create unique and intensely hoppy aroma in beer. With greater and broader
use of dry-hopping technology by the brewing industry, there have been many anecdotal
accounts of unexpected changes to beer fermentation from dry-hopping such as overattenuation, out of specification alcohol, and excessive package pressurization due to
production of carbon dioxide beyond theorized yield at the time of packaging. Brewers
use the term “attenuation” to refer to a beer’s chemical composition when an alcoholic
fermentation has completed. The term “over-attenuation” refers to a beer that has
fermented to a higher alcoholic strength than normally expected. This over-attenuation
effect following dry-hopping has been colloquially referred to as “hop creep” by the
brewing community and observed by many breweries globally. Hop creep can be
defined as the refermentation of fully-fermented beer following the addition of hops and
is observed as a slow reduction in residual extract and steady increase of alcohol and
CO2 over time. Alcohol concentration that is unexpectedly high is a quality control
issue, while the production of additional CO2 post-packaging in glass presents the
consumer with a serious safety risk due to exploding bottles.
Over-attenuation of dry-hopped British cask ales was first reported by Dr.
Horace Brown over 100 years ago, citing that “dry-hopping induces an earlier and more
persistent cask fermentation in beer” (Brown & Morris, 1893). The small percentage of
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endogenous sugars in hops was reported to be insufficient for the extent of
refermentation. Through additional experiments, the authors found that wild yeasts were
too slow to grow and influence the fermentation dynamics observed. These observations
led researchers to conclude that hops contain a “diastase” able to break down residual,
non-fermentable beer dextrins as seen by the production of reducing sugars in dryhopped beers (Janicki J. , Kotasthane, Parket, & Walker, 1941). In another publication,
researchers reported that wort treated with hops in the “fermenting vessel” showed
markedly lower attenuation than the conventionally hopped wort suggesting that hops
impact fermentability and beer quality (Harman, 1911). With the nearly complete loss
of late-hopped and dry-hopped beer during the mid-20th century, knowledge of the
potential for refermentation to occur following dry-hopping seems to have been largely
lost or forgotten until now. Recently, Kirkendall and others provided an updated account
of hops ability to stimulate overattenuation, and from a relevant brewing context,
proposed a method to monitor hops in the brewery using the production of alcohol
formed during refermentation (Kirkendall, Mitchell, & Chadwick, The Freshening
Power of Centennial Hops, 2018).
The study presented herein employs a systematic lab-scale dry-hopping
approach to assess the ability of hops to alter the fermentability of finished beer in the
presence of yeast. The activities of four starch degrading enzymes, amyloglucosidase,
α-amylase, β-amylase and limit dextrinase, are measured and reported in Cascade pellet
hops. Finally, various dry-hopping conditions such as exposure time, temperature and
hop dosage are explored to understand the effects of starch degrading enzymes on beer
carbohydrates

51

Materials and methods
Chemicals.
The following analytical grade standards were purchased from Sigma Aldrich
(St. Louis, MO, USA): maltose monohydrate 99.0% (CAS 6363-53-7), glucose >99.5%
(CAS 50-99-7), fructose >99% (CAS 57-48-7), maltotriose >90% (CAS 1109-28-0).
For the preparation of enzyme and/or dry-hop extraction buffers, sodium azide 99.5%
(CAS 26628-22-8), maleic acid > 99.0% (CAS 110-16-7), and dithiothreitol molecular
biology reagent (CAS 3483-12-3) were additionally purchased from Sigma Aldrich (St.
Louis, MO, USA). Malt amylase assay kit (K-MALTA), Pullulanase/Limit-Dextrinase
kit (K-PullG6), Amyloglucosidase assay reagent (R-AMGR3), and L-cysteine
hydrochloride monohydrate were purchased from Megazyme (Bray, Ireland).
Refermentation of commercial beer.
Cascade hops from the 2014 harvest in the form of T90 pellets were donated by
John I. Haas, Yakima, WA. Hops were stored at -10°C under nitrogen gas in high
barrier, foil packaging until needed. A commercial lager beer (Coors Original Banquet,
Golden, CO) was used as a base beer for dry-hopping experiments because it is widely
available, has consistent physiochemical parameters, and low concentrations of
fermentable sugars (Table 3). To assess refermentation of dry-hopped beer, the base
beer was dry-hopped in autoclaved 1 liter glass bottles with 10 g/L hops, 106 cells/mL
yeast (California Ale yeast, Wyeast 1056), and held at 20 °C over a period of 40 days.
The beer was sampled aseptically at various time points and real extract and alcohol
were measured with an Anton Paar Alcolyzer. Theoretical CO2 production was
calculated based on its stoichiometric relationship with fermentable sugar
concentration.
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Table 3. Base beer physiochemical parametersa
Alcohol
(% v/v)

Real Extract
(% w/w)

pH

Maltose
(g/100 mL)

Glucose
(g/100 mL)

4.99 ± 0.02

3.52 ± 0.01

4.15 ± 0.01

0.23 ± 0.05

0.02 ± 0.00

a
Mean value of triplicate measurements on Anton Paar Alcolyzer (alcohol, real extract, pH) and HPLC
(maltose, glucose) ± 1 standard deviation.

Enzyme activity assays.
Activities of amyloglucosidase, α-amylase, β-amylase, and limit dextrinase were
measured in hops using commercially available spectrophotometric-based kits with
enzyme specific para-nitrophenyl blocked oligosaccharide substrates (Megazyme,
Bray, Ireland). Crude homogenized hop pellets were extracted per assay guidelines:
amylases and amyloglucosidase were extracted in Tris/HCl buffer (pH 8.0) with 1 mM
disodium EDTA and 0.02% (w/v) sodium azide, and limit dextrinase in sodium maleate
(100 mM, pH 5.5) plus sodium azide, 0.02% (w/v). After extraction in pH buffered
sodium azide stabilized solution (amylases and amyloglucosidase for 1 hour at room
temperature, limit dextrinase for 5 hours at 40°C), hop material was removed via
centrifugation and remaining extract was diluted in appropriate buffer solution. The
extracted hop amyloglucosidase was diluted 1:10 in 100 mM sodium acetate buffer (pH
4.5), α-amylase 1:300 in 1 M sodium malate/sodium chloride buffer (pH 5.4, 40 mM
CaCl2, 0.02% w/v sodium azide), β-amylase diluted 1:20 in 0.1 M MES buffer (pH 6.2,
2 mM EDTA, 1.0 mg/mL of BSA and 0.02% w/v sodium azide), and undiluted limit
dextrinase extract in 100 mM sodium maleate buffer (pH 5.5 with 0.02% w/v sodium
azide). Enzyme extracts were combined with the reactive substrate in 1.5 mL Eppendorf
tubes at 40°C. Due to the low levels of enzyme activity, assays were carried out over 48
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hours alongside a blank with readings taken at three time points during the assay’s
incubation at 40°C. Reactions were terminated with alkaline tris base (pH 9.0) and
velocity curves were generated from three time points so that assay linearity was well
established

(Table

4).

The

para-nitrophenyl

compound

was

detected

spectrophotometrically at 400 nm and absorbance related directly to hydrolysis of each
oligosaccharide substrate at pre-determined concentrations over a known amount of
time (Figure 3). Units of activity were calculated per gram of hop material with a lower
limit of detection of 0.01 U/g for limit dextrinase and 0.05 U/mL for amylases as
suggested by the Megazyme assay for milled malt.

Figure 3. Enzyme assay maltooligosaccharide substrate mixtures. Glucose indicated
as “G”, blocked reducing ends with “B” and reporter nitrophenyl compound as “R

Dry-hop treatments.
100 grams of dried hops was homogenized in a blender and stored at 4 °C prior
to dry-hopping and/or enzyme activity assays. Dry-hop treatments were performed
using the same base beer in the absence of yeast in 1 liter glass bottles as follows. Hops
were added at 5, 10, and 20 g/L to base beer to which sodium azide (0.02% w/v) had
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been added to inhibit microbial growth and held at either 10 or 20 °C. The production
of fermentable sugars was monitored over time via HPLC as described below.
Instrumental analysis.
Analysis of lower molecular weight carbohydrates was performed using cation
exchange high performance liquid chromatography following the ASBC Methods of
Analysis, Sugars and Syrups 18 (Chemists, American Society of Brewing, 1997). The
method was adapted to the following conditions: Phenomenex Rezex RAMCarbohydrate AG+ 8% column (Phenomenex, Torrance, CA), at 70 °C, 0.380 mL/min
and isocratic Milli-Q treated water for mobile phase. Fructose, glucose, maltose and
maltotriose were quantitated based on available chemical standards (analytical grade,
Sigma Aldrich). Fructose and maltotriose were not reported here due to low levels.
Physiochemical analysis of beer was performed using an Anton Paar Alcolyzer
(Ashland, VA) to measure changes in beer real extract (% w/w), and alcohol (% v/v)
using ASBC Method of Analysis Beer 4G (Chemists, American Society of Brewing,
1997).
Results and discussion
Refermentation of dry-hopped beer in the presence of yeast.
The real extract of beer, which is expressed as % w/w or °Plato (°P), represents
the dissolved solids remaining in beer post-fermentation and is composed of
carbohydrates, protein, lipids and minerals. Carbohydrates represent the largest part of
the real extract with 75-80% consisting of unfermentable branched and linear dextrins,
β-glucans, and a small amount of pentose sugars (Pollock, 1981). A “typical” wort is
approximately 65-70% fermentable, which means there is a considerable portion of
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unfermentable carbohydrates remaining in beer. Nevertheless, a brewer may modify
wort production practices, such as temperature and water to grist ratio, to produce highly
fermentable (>80%) or poorly fermentable (<60%) wort depending on stylistic interests
(Muller, 1991).
In this study, a common, commercial base lager beer with typical fermentability
of 68% (determined by Anton Paar Alcolyzer) was dosed with hops, yeast and a
combination of the two to investigate their singular and combined effects on the
refermentation of a fully-attenuated beer. After 40 days of exposure to hops in the
presence of yeast, beer real extract experienced a drop of 1.9 °P and increase in 1.3%
alcohol by volume (Figure 4). Unpublished results of an identical trial carried out by an
American craft brewery corroborate these data. The drop in real extract observed during
the first 4 days of refermentation was approximately 1.0 °P and this cannot be accounted
for by the sum of the fermentable sugar fraction in the original beer (0.2-0.3 °P) and the
fermentable sugar fraction coming from the hops (0.02 – 0.03 °P per gram of hops).
Therefore, it is unlikely that the significant over-attenuation observed here was due
solely to the presence of residual fermentable sugars in beer or the addition of
fermentable sugars from hops alone.
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Figure 4. Real extract over time in refermented commercial lager beer. Beer was
exposed to 10 g/L Cascade pellet hops and/or 106 cells/mL ale yeast at 20 °C.

A slight reduction in finished beer real extract was observed in the sample
containing yeast and beer. This may be attributed to the small amount of fermentable
glucose and maltose present in the base beer, accounting for 0.2-0.3 °P of total beer real
extract (Table 3) being consumed by the added yeast. When the base beer was dryhopped in the absence of yeast, an increase of 0.02-0.03 °P per gram of hops could be
observed, but no reduction in real extract thereafter. Further HPLC analysis by our lab
confirmed the small contribution of fermentable sugars from hops was comprised of
mostly glucose and some fructose as is described in literature (Benitez J. L., 1997). It is
expected that water-soluble compounds extracted from hops may influence
fermentation in wort/yeast systems, but not to the extent observed here. For example,
hops contain compounds that are known to affect fermentation such as monosaccharides
(2% of hop cone dry weight), amino acids (0.1%), and protein (15%) (Benitez J. L.,
1997). Concerning hop derived carbohydrates, only ~2% total hop cone dry weight is
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comprised of glucose and the remaining carbohydrates are primarily beta-linked
cellulosic glucose not readily degraded by yeast (Benitez J. L., 1997) (Patent No.
5972411 A, 1997) (Oosterveld, Voragen, & Schols, 2002). As predicted, the untreated
beer sample did not experience a reduction in real extract or increase in alcohol over the
40-day period observed. The refermentation of dry-hopped beer was not observed in
control samples, indicating that hops, yeast, and beer must interact to exhibit overattenuation. In hop-forward beers, it is therefore expected that the addition of hops has
the potential to influence the dynamics of yeast fermentation, which may have
significant impacts on brewery throughput, beer quality, and flavor.
Enzyme activity in Cascade pellet hops.
In the first part of this experiment, a 0.7-0.8 °P fermentable sugar fraction was
unaccounted for via the hop addition (0.02-0.03 °P per gram of hops) or finished beer
(0.2-0.3 °P). We hypothesized that the remaining fermentable sugars were liberated
from beer limit dextrins following dry-hopping by hop-derived starch degrading
enzymes. Dextrins have four or more glucose units linked by α-1,4- and α-1,6 glycosidic
bonds. It was reasonably suspected that enzymes capable of hydrolyzing α-1,4- and α1,6 glycosidic bonds are present in hops and responsible for liberating fermentable
carbohydrates from beer (Aiyer, 2005). Amylases were screened due to their ability to
hydrolyze α-1,4-glycosidic bonds in maltodextrins and oligosaccharides (MartínezAnaya, 1996). α-Amylase is a dextrinizing enzyme that hydrolyzes randomly along
glucopolysaccharides

to

produce

maltose,

maltotriose,

maltopentaose,

and

maltohexaose products from amylose as well as maltose, glucose and branched dextrins
from amylopectin (Werries & Müller, 1986). β-Amylase is considered a saccharifiying
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enzyme, cleaving maltose in small amounts from non-reducing ends of
glucopolysaccharides, and to a minor extent, maltotriose (Scopes, 2002).
Amyloglucosidase removes glucose from non-reducing ends of α-1,4 and branching α1,6 linkages, with a preference for α-1,4 linkages and longer chain oligosaccharides (EC
3.2.1.20). Limit dextrinase was additionally selected for screening based upon its ability
to debranch limit dextrins at α-1,6 linkages, producing linear α-1,4 chains which can
further be degraded by the combined action of amylases (Tomasik & Horton, 2012).
Both α-amylase and limit dextrinase assays are highly specific to the enzyme assayed;
other diastatic enzymes are deterred from acting on the specific substrate due to the use
of blocking groups and strategically placed beta-linked nitrophenyl compound (Figure
3). The assays for amyloglucosidase and β-amylase are not specific, but highly selective
for the enzyme assayed; exoacting enzymes such as amyloglucosidase may interfere
with the β-amylase substrate if present in sufficient quantities. However, with the low
levels of amyloglucosidase activity detected in hops, this interference is not likely to
occur (Table 4). Several starch degrading enzyme activities were detected in Cascade
pellet hops, with the highest activities reported for amylases at 0.76 U/g (Table 4). A
control sample of the same hops autoclaved at 121°C showed no enzymatic activity.
The total activity of α- and β-amylase in hops, as described in this study, is well below
that of malted barley, but within the range of plant amylase activities reported in
literature23. Furthermore, the assay response was linear over the time points measured
during the assay as characterized by the very high Pearson’s correlation coefficients
(Table 4). The units of activity observed in Cascade hops are at least two orders of
magnitude lower than average brewer’s base barley malt, which has a total amylase
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activity of 950.0 U/g and 125 U/g of α-amylase specific activity. However, plant leaves
exhibit amylase activities much closer to those measured in hops; as a point of
comparison, carrot leaves have an α-amylase activity of 0.011 U/g and a total amylase
activity of 0.943 U/g24. The lowest detected enzyme activities in Cascade hop pellets
were those of amyloglucosidase and limit dextrinase.
Table 4. Enzyme assay specificity, linearity, and resultant activity for Cascade hops
Enzyme Assay

Specificity
Highly selectivea

Pearson’s
Coefficient
0.988

Activity
(U/g)
0.02

Amyloglucosidase
α-amylase

Highly specific

0.988

0.35

β-amylase

Highly selectivea

0.979

0.41

Limit dextrinase

Highly specific

0.985

0.001b

Amyloglucosidase and β-amylase can work on similar substrates and therefore may be detected in either
assay.
b
Limit dextrinase activity was below the reported Megazyme assay detection limit for milled malt (0.01
U/g), but showed a linear response using the adapted assay with multiple time points over 1.5 days.
a

The starch degrading enzymatic power of malted barley has long been harnessed
in malting and brewing processes to release valuable fermentable sugars from starch. In
nature, these same enzymes function in a series of synchronized germination efforts to
release stored starch reserves in the barley endosperm (Stanley, Farnden, & Macrae,
2005). All plants require enzymes for synthesis of starch in photosynthetic tissues
(energy storage), breakdown of diurnal starch (energy requirements), or carbohydrate
synthesis in response to abiotic stress (Stanley, Farnden, & Macrae, 2005) (Kaplan &
Guy, 2004) (Orzechowski, 2008). For instance, studies implicate α- and β-amylase as
enzymes involved in the synthesis of insoluble starch in Arabidopsis (Wu, Ral, &
Morell, 2014). Debranching enzymes (such as limit dextrinase) have also been found in
plants and are thought to be involved in starch biosynthesis alongside starch synthase
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and starch branching enzymes (Orzechowski, 2008). It follows that hops may contain
naturally occurring starch associated enzymes at the time of harvest which survive
through processing to reach beer during dry-hopping. Hop enzymes are thought to be
largely deactivated during wort boiling and for this reason, the effects of over
attenuation during fermentation are not observed in beers without the addition of dryhops. In contrast to most global commercially produced lager beer, the current wave of
highly dry-hopped craft beers may be responsible for bringing new light to this
phenomenon.
While this study focused generally on the enzymes in pelletized hops, the
enzymes may be differentially expressed in the plastid, cytosol or extracellular
compartments of the plant. It would be valuable to assess how hops processing impacts
the concentration and activity of hop enzymes. As an example, temperature extremes,
such as those experienced during kilning and freezing, have been shown to induce βamylase activity for the protective qualities that maltose lends to plant proteins and
membranes (Orzechowski, 2008). Conversely, heat treatment can render some enzymes
inactive if protein structure and function are disrupted. Microbes present in soil and on
plants can also be potential sources of enzymes capable of degrading starch and limit
dextrins into fermentable sugars (Alves, y otros, 2014). Although this paper does not
attempt to derive the origin of hop enzymes, the question of whether enzymes
contributed from hops are of microbial origin and present as extracellular enzymes on
plant tissue will be important for future research.
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Modulating hop enzyme activity through dry-hop treatment.
To investigate the drivers of refermentation as a result of dry-hopping with
Cascade hops, a set of conditions were explored including dry-hopping rate,
temperature, duration, and separately, exposure time to hop material. Rather than
fermenting the treatments, sodium azide was added to prevent refermentation and the
formation of fermentable sugars was monitored via HPLC. The rate of formation of
fermentable carbohydrates, glucose and maltose was dependent on hop concentration
(Figure 5). Glucose production increased throughout dry-hopping and its rate was
proportional to the hopping rate. The amount of maltose produced over the first 5 days
correlated with hopping rate; interestingly at high hop concentrations (20 g/L), maltose
was degraded after 5 days of dry-hopping, and maltose concentrations were inversely
related to the hopping rate after 15 days of dry-hopping. Glucose concentrations rose
steadily throughout the 15 days of dry-hopping. There was no change in the
carbohydrate composition of beer dry-hopped with hops that had been autoclaved at
121°C (data not shown), indicating that hop enzymatic activity had been inactivated by
the heat treatment. The behavior of glucose and maltose formation and degradation may
be explained by the combined action of hop enzymes. For example, the debranching
action of limit dextrins via limit dextrinase would supply linear dextrins for subsequent
hydrolysis by α- and β-amylase resulting in glucose and maltose end products. The
decline in maltose concentration may be further explained by amyloglucosidase activity
which can hydrolyze maltose to glucose. From a practical standpoint, these data suggest
that dry-hopping rates may be tuned to potentially control the rate and/or extent of overattenuation of beer in the presence of yeast. Supported by the observation of beer
refermentation in the presence of hops and yeast (Figure 4) and the production of
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fermentable sugars (Figure 5), lowering dry-hop rates may be most effective within the
first three days of dry-hopping, particularly for maltose production. More studies are
warranted to address the impact of enzyme substrate on over-attenuation of dry-hopped
beer since the initial composition of beer carbohydrates may play an important role.

Figure 5. Fermentable carbohydrate concentration in commercial lager beer over time at
different hop concentrations. Beer was dosed with 5 g/L (∙ ∙), 10 g/L (− −), and 20 g/L(▬)
Cascade hops at 20 °C and 0.02% w/v sodium azide.

The production of glucose and maltose from beer dextrins increased with dryhopping temperature (Figure 6). This was expected since most enzyme reactions are
strongly temperature-dependent. In general, enzyme catalyzed reactions are expected to
approximately double for each 10°C rise in temperature. It is therefore expected that the
temperature of dry-hopping can influence the enzyme catalyzed hydrolysis of beer limit
dextrins and may be used to slow the effects of over-attenuation in dry-hopped beer.
This study focused on the interaction between hops and finished beer, but it would also
be worthwhile to consider the temperature dependent dynamics of sugar utilization by
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yeast when dry-hopping. Published studies have reported the effects of temperature on
brewing yeast and found that when the temperature increased from 15 to 21 °C, the rate
of maltotriose utilization increased significantly in both ale and lager yeasts (Zheng,
D'Amore, Russell, & Stewart, 1994). In one study, an increase from 8 to 14 °C caused
both maltose and maltotriose utilization rates to increase in brewing yeast (Takahashi,
Yoshioka, Nashimoto, & Kimura, 1997). Considering the enzymatic hydrolysis of
dextrins and the ability of yeasts to utilize fermentable sugars, over-attenuation of dryhopped beer may be reduced by lowering the temperature of dry-hopping regimes.
Table 5. Changes to base beer chemistry when treated with Cascade hops and ale yeast
(1 x 106 cell/mL inoculum, 10 g/L hops, and stored at 20°C for a period of 40 days).
Beer physical parameter
∆ 5 days
∆ 40 days
Real extract (°P)
-1.1
-1.9
Alcohol by volume (%)

+0.7

+1.3

Theoretical CO2 (v/v)

+2.75

+4.75

Δ = Change in analyte concentration as a result of exposure time
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Figure 6. Fermentable carbohydrate concentration of commercial lager beer over time
at different temperatures. Beer was exposed to 10 g/L Cascade hops plus 0.02% w/v
sodium azide for 1, 2, and 7 days at 10 °C (▲) and 20 °C (●) (analysis performed at
day 7, n = 3, error bars ± 1 std. dev).

The exposure time of beer to hops during dry-hopping had a significant impact on the
extent of refermentation/over-attenuation. As observed earlier (see Figure 4), a rapid
reduction in real extract occurred within the first 5 days of exposure. And while the rate
of real extract loss slowed after 5 days, it nonetheless continued to occur during the 40
days of exposure resulting in a total loss of 1.9°P in real extract, production of 1.3%
ABV and an additional theoretical 4.75% (v/v) CO2 (Table 5). Since most brewers
perform dry-hopping with 1 – 7 day exposure times, the effect of exposure time to hops
on the production of fermentable sugars was further tested during this one week period.
To mimic common industry practices, hop material was removed via centrifugation at
day 1, 2, or 7 and held for a total of 7-days at 10 or 20° C prior to assaying for sugar
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content. Hop exposure time correlated strongly with an increase in glucose and maltose
production (Figure 5). A Tukey test indicated that the mean glucose concentration for
7 days of exposure was significantly different than 1 and 2 days (p < 0.001). Days 1 and
2 did not significantly differ from one another. These results suggest the effect of
enzyme activity was dependent upon exposure of beer to hop material and that shorter
dry-hopping time with hop removal, for example through filtration, may significantly
reduce continued enzyme activity in finished packaged beer. Brewers seeking to
minimize the unwanted effects of over-attenuation in dry-hopped beer may shorten the
duration of dry-hopping and reduce temperature. Such a process change may serve to
benefit production throughput, but it is equally important to consider the impacts of low
temperature and short time on product flavor, and careful measures should be taken to
optimize both within a brewery.
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Abstract
Enzymes in hops have recently been demonstrated to hydrolyze beer dextrins,
produce fermentable sugars in finished beer, and pose significant safety and quality
challenges for brewers. In an effort to mitigate beer refermentation following dryhopping in the presence of yeast, and effect of often called “hop creep”, brewers look
to adjust recipes, selection of ingredients and dry-hopping conditions. With flavor
differences known to exist across hop cultivars, it was posited that there may also exist
unique enzymatic activities based upon cultivar, and that brewers may use these
differences to guide their hopping practices. The enzymatic power of 30 hop cultivars
was screened using specific enzyme assay kits (α-amylase, β-amylase,
amyloglucosidase) on hops as well as quantifying via liquid chromatography the nonfermentable dextrin degradation and sugar production in beer dry-hopped with
different hops. Differences across all cultivars were found and cluster analysis
revealed groupings that were not based on pedigree, genetic makeup, or specific
enzyme activities. More investigation is warranted to determine the influence of
growing and harvest practices and processing conditions on hop enzymatic power.
These findings indicate that the choice of hop cultivar may influence the degree of
refermentation in finished beer as a result of dry-hopping.
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Introduction
Dry-hopping is a widely practiced brewing technique used to transfer hoppy
flavor to beer via cold extraction during or post fermentation. While this technique is
not new in the long history of brewing traditions, recent and growing interest in
capturing hoppy aroma in beer has led to hopping methods that defy conventional and/or
historical standards. These methods include, but are not limited to, dry-hopping in the
presence of yeast, warm temperature programs, exceptionally high hopping rates, blends
of multiple hop varieties, extended duration of dry-hop extraction, and so on.
Furthermore, hop growers and suppliers have innovated the processing of raw hops with
low temperature pelletizing and cooler kilning temperatures in an attempt to reduce loss
of aroma compounds upon heating, while new concentrated hop products offer diverse
flavor profiles.
Recent investigations in the Shellhammer Lab shed light on the phenomenon
colloquially referred to by many brewers as “hop creep”, a reference to the
refermentation of fully attenuated beer following dry-hopping in the presence of yeast,
which can be attributed to enzymes present in hops that hydrolyze unfermentable beer
dextrins into fermentable sugar units (publication in review, JAFC, Mar. 2018). This
ability of hops to stimulate refermentation in beer was observed long ago in British cask
ales that continued to “dry out” with the addition of hops, and was attributed to a hop
diastase capable of producing maltose from soluble starch and beer dextrins (Brown. &
Morris, 1893) (Janicki J. , Kotasthane, Parker, & Walker, 1941). Due to a changing
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political climate and beer flavor preferences in the United States, hop diastase was not
a consideration during prohibition nor with the subsequent popularity of domestic lager
beers; it wasn’t until recently that this effect was observed in modern craft breweries.
The unanticipated consequence of using large amounts of hops for dry-hopping is the
inability to control final beer specifications such as alcohol concentration, and in more
extreme cases, package overpressure if the dry-hop-induced refermentation happens
post-packaging. While the effects are varied in magnitude, the unpredictable delays in
beer (re)fermentation and finishing create logistical stressors for brewers.
To better control the undesirable consequences of hop creep, it is therefore
important to evaluate how the characteristics of hops influence their enzymatic activity.
Conversations with brewers provided us with anecdotal evidence that varietal
differences could impact the extent of refermentation in dry-hopped beers. Recent work
examining finished alcohol contents in dry-hopped beer suggest that varietal differences
may occur in 5 common hop varieties (Kirkendall, Mitchell, & Chadwick, The
Freshening Power of Centennial Hops, 2018). Based on well-established cultivar
dependent diversity in hops flavor and chemistry, it was hypothesized that hop
enzymatic power may also be influenced by genetic factors and differences would be
expressed based upon cultivar (Dresel, et al., 2015) (Van Holle A. , Van Landschoot,
Roldan-Ruiz, Naudts, & D., 2017). The objective of the work herein was to measure the
enzymatic activity across 30 different hop cultivars varying in their geographical origin
and aromatic characteristics. A liquid chromatography-based screening assay was
developed to assess hops’ enzymatic power in a beer matrix in order to adequately
reflect the conditions employed in a production brewery. The specificity of enzymes
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was further investigated using specific enzyme activity assays (Megazyme) with
conditions adapted to accommodate the low levels of enzyme activities found in hops.

Experimental
Rational for hop selection.
Hops were selected to display broad characteristics in alpha acid content,
aromatic qualities, geographical origin, and popularity amongst brewers. Commonly
reported alpha acid values for hops assayed in this study ranged from 2.4% (Fuggle) to
19.5% (Moutere). Of the 30 hops selected for screening, 17 originated in North
America, 8 from the Southern Hemisphere, and 6 from Europe. Approximately 50% of
the hops were categorized as aroma varieties with the remainder commonly designated
as dual purpose varieties. According to the Barth Haas report (2013-2014), 13 of the 22
most popular varieties are represented in this screening.
Lab scale dry-hopping.
Dry-hop treatments were prepared in commercially-available beer using
pelletized hops homogenized in a blender and stored at -20 °C prior to dry-hopping
and/or enzyme activity assays. Sodium azide (0.02% w/v) was utilized in dry-hop
treatments to inhibit microbiological growth that could influence enzymatic starch
hydrolysis and fermentable sugar profiles. After screening five commercially available
beers ranging in original gravity and real extract, one beer was ultimately selected for
the assay due to its favorable carbohydrate profile rich in dextrins (specifically DP 4-7)
and being devoid of fermentable sugars glucose and maltose. Each dry-hop treatment
was dosed with 10 g/L of hops, extracted in duplicate, and incubated at 30 °C for two
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days alongside a control beer without hops. Two time points were taken for instrumental
analysis of carbohydrates and diluted with alkaline quenching reagent (2% Tris Base,
pH 9) to prevent further enzyme activity during analysis run time. The production of
fermentable sugars, less the hop sugar fraction (see HWE below), was quantitated and
used to classify degree of enzymatic hydrolysis in beer over two days.
Hop hot water extract (HWE).
Hot water extracts of individual hop cultivars were prepared and examined via
HPLC to factor in the endogenous sugar contribution from hops at the start of their
extraction in beer. A 0.1 g sample of hop grist was extracted for 15 minutes at 80° C in
10 mL of sodium acetate buffer (0.02 M, pH 4.2, 5 % EtOH). A sample of the extract
was filtered through a 0.45 µm nylon membrane syringe filter before injection on an
HPLC. Elevated temperatures were deemed necessary to inhibit hop enzymes from
hydrolyzing endogenous starch and/or dextrins during extraction.
Instrumental analysis.
The ASBC Methods of Analysis, Sugars and Syrups 18 was adapted to measure
glucose oligosaccharides (Chemists, American Society of Brewing, 1997). The method
was adapted to the following conditions: Phenomenex Rezex RSO-Oligosaccharide
AG+ 4% column (Phenomenex, Torrance, CA) operating at 80 °C under isocratic
conditions of 0.300 mL/min Milli-Q treated water for mobile phase. Fructose, glucose,
maltose and maltotriose and DP 4-7 were quantitated based on available chemical
standards (analytical grade, Sigma Aldrich and others synthesized in the Food Science
and Technology Department at OSU).
Specific enzyme activity assays.
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Activities of α-amylase, β-amylase, and amyloglucosidase were measured in
hops using commercially available spectrophotometric-based kits with enzyme specific
para-nitrophenyl blocked oligosaccharide substrates (Megazyme, Bray, Ireland). The
para-nitrophenyl compound was detected spectrophotometrically at 400 nm and
absorbance related directly to hydrolysis of each oligosaccharide substrate at predetermined concentrations over a known amount of time. Units of activity were
calculated per gram of hop material. Due to the low levels of enzyme activity of
amyloglucosidase, assay linearity was verified with three time points during the assay’s
incubation at 40°C (r2 = 0.988). Crude homogenized hop pellets were extracted per
assay guidelines: amylases were extracted in Tris/HCl buffer (pH 8.0) with 1 mM
disodium EDTA and 0.02% (w/v) sodium azide, and amyloglucosidase in 100 mM
sodium acetate buffer (pH 4.5). After extraction in pH buffered sodium azide (0.02%
w/v) stabilized solution, hop material was removed via centrifugation, filtered with 0.45
nylon membrane syringe filters, and filtrate combined with the reactive substrate in 20
mL glass test tubes at 40°C. Reactions were terminated with alkaline tris base (pH 9.0).
An Amarillo control hop showing high reproducibility was processed alongside all
batched samples (Table 6).
Chemicals.
The following analytical grade standards were purchased from Sigma Aldrich
(St. Louis, MO, USA): maltose monohydrate 99.0% (CAS 6363-53-7), glucose >99.5%
(CAS 50-99-7), fructose >99% (CAS 57-48-7), maltotriose >90% (CAS 1109-28-0).
For the preparation of enzyme and/or dry-hop extraction buffers, sodium azide 99.5%
(CAS 26628-22-8), maleic acid > 99.0% (CAS 110-16-7) were additionally purchased
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from Sigma Aldrich (St. Louis, MO, USA). Purified dextrin standards (DP 4 – 7) were
provided by Dr. Mike Penner’s lab in the Department of Food Science and Technology,
OSU. Malt amylase assay kit (K-MALTA), and amyloglucosidase assay reagent (RAMGR3) were purchased from Megazyme (Bray, Ireland).
Statistical Analyses.
Data were compiled using Microsoft Excel, and Pearson correlations, ANOVA,
principal component analysis (correlation), and agglomerative hierarchal clustering
(Ward’s discrimination method with Euclidian distances) was carried out using XLStat
(Addinsoft).
Results and discussion
Lab scale dry-hopping to gauge hop enzymatic potential.
A suitable method was needed to screen multiple hop cultivars for total
enzymatic activity. In an effort to relate these findings to commercial brewing
operations, small volumes of beer (355 mL) were dosed with hops (10 g hops/L beer)
and antimicrobial sodium azide (0.02% w/v), and changes in the beer’s dextrin and
simple sugar composition over 2 days were used to quantify the extent of beer dextrin
hydrolysis by hop enzymes. To factor in native sugars from hops that could impact the
initial assay time point, the endogenous sugar content was measured via an aqueous hot
water extract of each hop and concentrations of fructose and glucose were added to the
initial (Day 0) beer data. While hops contribute measureable amounts of fermentable
sugars to beer as a result of dry-hopping, this contribution is low, representing less than
0.2g fructose+glucose/100ml beer at a 10 g hops/L beer dosing rate. Heat treating hops

75

via the hot water extraction resulted in inactivation of endogenous enzymes that were
found to influence extractable sugars measurement (data not shown).
Five commercial beers (two lagers, two pale ales, and one non-dry-hopped IPA)
were selected as candidates for a beer base and screened for dextrin composition (DP 110), the substrates of enzymatic hydrolysis, as well as time-dependent changes in
dextrin profile when dosed with Cascade hops. In all beers chosen for screening, loss of
dextrins with DP 4 - 7 correlated well with the occurance of fermentable sugars (p <
0.05). It was reasoned that beer with a high residual extract and hence a large pool of
nonfermentable dextrins could serve as substrates to observe the effects of hop-derived
enzymes on their degradation via HPLC. Observing the dextrin degradation and simple
sugar production in dry-hopped beer over time would offer some insight to the nature
and dynamics of starch degrading enzymes in hops. After examining the loss of high
molecular weight dextrins (DP 3 – 7) and production of fermentable sugars (glucose
and maltose) over a period of 8 days of dry-hopping separately with Cascade and
Amarillo hops, the IPA emerged as the best candidate for assaying hop-enzyme
performance (Figure 7). Its dextrin profile provided adequate signal to detect a range of
enzyme activities, and it was on this basis the candidate IPA was selected for the beer
screening assay. Across the 8 days of contact with hops, glucose and maltose
concentrations rose steadily while the concentrations of DP3 – DP7 decreased but at
different rates.
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Figure 7. Changing carbohydrate concentrations in finished commercial beer dosed
with hops. Beer was treated with Cascade hops and incubated for up to 8 days.
Concentration data for DP 5 was below the limit of detection after day 2.

Additional trials were performed using varying hop dosing rates (1, 5, 10, and
10 g/L) and 10 g/L was chosen as providing desired sensitivity and efficiency. Some
variation was initially seen in HPLC data as a result of continued enzyme activity post
removal and filtration from hop solids. To reduce variation caused by enzymes that
survive filtration, samples were stabilized with alkaline quenching reagent (2% Tris
Base, pH 9.5) prior to carbohydrate analysis on HPLC. The percent change in each sugar
or dextrin between the time points day 0 and day 1 was used to describe total enzymatic
power of the hops as this addressed the majority of changes in fermentable sugars over
the two day window in a convenient timeframe.
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Measuring specific enzyme activity in hops.
Enzyme specific assays were used to probe whether the hop cultivars expressed
differences in individual α-amylase, β-amylase, and amyloglucosidase enzymes. Limit
dextrinase was also tested but not reported here because of its very low range of (and in
some cases highly variable) activity found in hops. Curiously, some limit dextrinase
activities appeared to decrease for various cultivars over the period of time tested, and
we cannot rule out the presence of other enzymes in hops interfering with the assay. As
an example, transglucosidase enzyme found in plant leaves is known to transfer glucosyl
residues back and forth when converting starch based maltose to sucrose and other
metabolites (Fettke, Malinova, Eckermann, & Steup, 2009). In a similar vein,
amyloglucosidase activity data were more variable than the α-amlyase and β-amylase
activities. The amyloglucosidase assay uses a blocked maltose substrate which releases
glucose upon enzymatic hydrolysis; this results in a measurable color change from the
attached para nitrophenyl compound. The presence of transglucosidase in hops could
also interfere with the amyloglucosidase assay because the maltose substrate would be
subject to attack (McCleary, Bouhet, & Driguez, 1991). Additionally, amyloglucosidase
in hops has potential to interfere with the β-amylase assay due to the non-specific nature
of the malto-oligosaccharide substrate, although this is unlikely to be significant
because amyloglucosidase was detected with activities significantly lower than the βamylase activities. Assays for both α-amylase and β-amylase showed excellent
repeatability and a control sample was incorporated in all test samples processed (Table
6).
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Table 6. Repeatability of enzyme activity assays (expressed as U/g) for five Amarillo
hop control samples

α-amylase (U/g)
β-amylase (U/g)

1
0.092
0.177

Replicate
2
3
4
0.095 0.109 0.081
0.173 0.175 0.187

5
0.123
0.155

Mean
0.094
0.200

STD
0.016
0.012

% CV
12
6

Differences in enzymic potential across hop cultivar.
Hops included in this study exhibited a range of enzyme activities expressed in
both the benchtop dry-hopping and specific enzyme assays (Figure 8, Table 7). The 30
hops measured for amylase activity broadly ranged from 0.04 to 0.25 U/g of α-amylase
activity. Hop α-amylase activity was centralized around 0.08 to 0.10 U/g, with most of
the variation driven by two hops outside of this range, Eldorado (0.20 U/g) and Rakau
(0.25 U/g). Hop β-amylase activities were higher than α-amylase activities, in general,
both with a narrower range, 0.14 to 0.21 U/g (Figure 8). The highest reported total
amylase activity was measured in Rakau (0.42 U/g) and the lowest in Pacific Jade (0.19
U/g). Hop amyloglucosidase activity varied across all varieties tested, though this
activity was lowest of all three enzymes tested; its activity ranged from 0.001 to 0.016,
with the highest activity expressed in Galaxy, Citra, Azacca, and Amarillo ’15.
The production of fermentable sugars in dry-hopped beer varied based on
cultivar, and generally increased in concentration from day 1 to day 2 (Figure 8). The
range in fermentable sugar production and loss of higher molecular weight dextrins,
expressed as a percent change in concentration from day 0 to day 1 of dry-hopping,
demonstrates the diversity of enzymatic potential across cultivars (Table 7). For the
majority of hops tested, fermentable sugar was shown to increase concurrent with the
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loss of higher molecular weight dextrins, which were the hypothesized substrates for
hop enzymes. Hops expressed a wide range in HWE, but most were low in sugars
relative to the sugar production effect seen during “hop creep” considering that a hop
with 8% HWE dosed at 10 g/L in beer would only contribute 0.08% sugar to beer, or
0.08 °P.

Figure 8. Histograms of hop enzyme activity and beer carbohydrates across 30 cultivars
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Table 7. Data summary of hop enzyme activities and percent change in carbohydrates following one day incubation of beer
with hops.
Origin

Cultivar

USA
USA
UK
USA
Germany
USA
USA
USA
USA
UK
USA
Australia
Germany
Germany
Czech Rep
USA
USA
USA
USA
NZ
USA
USA
NZ
USA
NZ
USA
USA
NZ
NZ
NZ
NZ
aMegazyme

Amarillo '15
Cluster
Fuggle
Nugget
Perle
Amarillo '16
Centennial
Citra
Crystal
East Kent Golding
Eldorado
Galaxy
Hallertau
Hersbrucker
Saazer
Summit
Azacca
Comet
Golding
Kohatu
Mosaic
Mt. Hood
Rakau
Simcoe
Wai-iti
Willamette
Cascade
Dr. Rudi
Moutere
Pacific Gem
Pacific Jade

Enzyme Activity (U/g)a

Percent change in carbohydrate concentration relative to unhopped controlb

α-amylase

β-amylase

AMG

Fructose

Glucose

Maltose

DP3

DP4

DP5

DP6

DP7

0.09
0.10
0.09
0.08
0.10
0.09
0.07
0.10
0.10
0.09
0.20
0.09
0.08
0.10
0.12
0.09
0.09
0.09
0.08
0.09
0.10
0.12
0.25
0.07
0.08
0.10
0.07
0.13
0.06
0.06
0.04

0.18
0.18
0.16
0.16
0.19
0.15
0.17
0.17
0.19
0.15
0.16
0.16
0.17
0.19
0.21
0.15
0.18
0.17
0.18
0.18
0.19
0.18
0.17
0.17
0.17
0.18
0.17
0.14
0.16
0.18
0.16

0.016
0.007
0.009
0.006
0.005
0.008
0.008
0.013
0.005
0.007
0.004
0.012
0.004
0.008
0.009
0.004
0.014
0.005
0.007
0.005
0.005
0.009
0.006
0.003
0.004
0.004
0.005
0.001
0.004
0.005
0.004

3.1
2.6
0.5
2.7
1.1
3.1
1.8
1.7
5.5
0.8
4.6
3.3
1.6
0.6
3.0
4.2
0.9
1.6
0.0
0.6
3.3
0.2
2.6
3.2
0.4
0.8
3.0
1.1
11.0
3.3
4.7

3.3
2.9
1.8
3.6
1.5
1.9
1.1
1.0
2.1
0.9
4.5
3.8
0.7
0.9
1.2
5.7
3.0
1.8
0.2
4.6
2.0
1.0
4.2
2.1
2.6
2.0
6.2
9.8
11.2
7.9
9.4

41.3
33.7
45.3
34.8
36.6
18.4
21.1
18.7
18.8
14.2
17.0
12.0
17.7
17.7
20.6
19.6
26.9
26.4
24.9
24.5
24.0
23.8
23.5
26.1
22.7
28.9
27.7
18.7
28.1
28.7
23.3

0.1
0.3
0.3
0.3
0.2
0.3
-0.2
0.1
0.0
0.2
0.2
0.1
-0.1
-0.1
-0.1
0.3
0.3
0.3
0.2
0.2
0.0
0.3
-0.1
-0.1
-0.1
0.3
0.3
0.2
0.2
0.0
0.0

-0.1
-0.3
-0.4
-0.3
-0.4
0.1
-0.5
-0.1
-0.3
-0.1
0.0
-0.1
-0.3
-0.3
-0.3
0.1
-0.2
-0.2
-0.2
0.0
-0.3
-0.1
-0.1
-0.4
-0.1
-0.1
0.0
0.0
0.2
-0.2
0.0

-0.1
0.0
0.1
0.3
0.4
-0.1
-0.7
-0.1
-0.5
-0.1
0.3
-0.1
-0.4
-0.5
-0.6
0.2
0.4
-0.1
-0.1
0.0
-0.6
0.0
-0.1
-0.7
-0.1
0.2
-0.6
0.0
-0.2
-0.2
0.0

-0.2
-0.1
-0.2
-0.2
-0.2
0.0
-0.4
-0.1
-0.2
0.0
0.1
-0.1
-0.3
-0.3
-0.3
0.1
0.0
-0.1
-0.1
0.1
-0.3
0.0
0.0
-0.4
0.0
0.0
-0.1
0.3
0.1
-0.1
0.1

0.1
0.1
-0.3
0.1
-0.1
0.4
-0.3
0.1
-0.2
0.0
0.1
0.0
-0.3
-0.2
-0.2
0.2
-0.1
0.1
0.0
0.1
-0.2
0.1
0.1
-0.3
0.1
0.0
0.1
0.2
0.1
0.0
0.1

HWE

Classc

11%
5%
6%
7%
5%
3%
0%
13%
17%
7%
10%
7%
4%
4%
11%
4%
11%
6%
10%
4%
6%
5%
3%
16%
14%
14%
0%
4%
3%
0%
0%

1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4

spectrophotometric enzyme assay

b

HPLC carbohydrate analysis of beer treated with hops (10 g/L) and sodium azide (0.02%), at 30°C for 1 day (n = 2)

cClassification

by agglomerative hierarchical clustering (Ward’s method)
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Evaluating dextrin profiles from lab scale dry-hopping.
To examine the interrelationships among the specific enzyme activities and the
changes in sugar/dextrin profiles as a result of dry-hopping, a correlation analysis was
carried out on the percent change in concentration data from day 0 to day 1 of incubation
with hops. (Table 8). An additional set of correlations using day 1 to day 2 incubation
data (Table 9) was also included since we observed some distinct changes in endproduct production between day 1 and 2. For instance, some cultivars displayed an
increase of DP3 from day 0 to day 1 but then a loss from day 1 to day 2, while others
displayed a steady loss across both days. The percent increase in glucose showed
positive correlations with fructose (p < 0.001) but also with increases in DP4 (p < 0.001),
DP6 (p < 0.001) and DP 7 (p < 0.01), which are potential hydrolysis products of higher
molecular weight dextrins from α-amylase or glucosidase enzymes. For example, a
product of DP 5 hydrolysis by α-amylase could result in glucose (DP1) and
maltotetraose (DP4). Maltose displayed negative correlations with the higher molecular
weight dextrins (except DP5), suggesting that it may be a degradation product of these
dextrins, though these correlations were not statistically significant. The dynamics of
the attack of a complex suite of dextrins by a range of different enzymes likely resulted
in a cascade of products that served as new substrates for further degradation and/or
terminal end products, and thus simple linear correlations may not describe these
relationships. For instance, maltotriose (DP3), a possible product of hydrolysis by limit
dextrinase or α-amylase, diplayed a positive correlation with DP 4 (p <0.05), DP 5 (p <
0.001), DP 6 (p < 0.01) and DP 7 (p < 0.01). Overall, the dextrins DP 4-7 were shown
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to correlate highly with glucose and maltose production over time, therefore the
products of starch degradation can be used to adequately demonstrate the differences
between hop enzymatic power (Table 8 & 9).
Interestingly, α-amylase did not significantly correlate with percent changes
between day 0 and day 1, or day 1 and day 2. However, β-amylase and amyloglucosidase
showed a significant positive correlation to glucose over day 0 to day 1 of dry-hopping
which suggests that some of the glucose measured over time may be a product of dextrin
hydrolysis catalyzed by these two enzymes. Between day 1 and day 2, β-amylase was
positively correlated with maltose, which is expected as maltose is the hydrolysis
product of β-amylase. While specific enzyme activities can help explain some of the
changes seen in dry-hopped beer dextrin profiles, the complex cascade of events is not
likely to be adequately captured by the single observations made in this study.
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Table 8. Pearson correlations of specific hop enzymatic activities and percent change
in carbohydrates for beer treated with hops (day 0 – day 1).
Variables

α-amylase

β-amylase

AMG

Fructose

Glucose

Maltose

DP3

DP4

DP5

DP6

DP7

α-amylase

1.000

0.034

-0.019

-0.318

-0.117

-0.181

0.087

-0.141

-0.107

-0.139

-0.232

β-amylase

0.034

1.000

0.229

0.231

0.170

0.388

0.263

-0.059

0.071

0.106

0.230

AMG

-0.019

0.229

1.000

0.256

0.393

0.243

0.097

-0.148

0.097

0.136

0.119

Fructose

-0.318

0.231

0.256

1.000

0.661

0.414

0.287

0.330

0.144

0.283

0.491

Glucose

-0.117

0.170

0.393

0.661

1.000

0.501

0.648

0.422

0.250

0.692

0.598

Maltose

-0.181

0.388

0.243

0.414

0.501

1.000

0.620

0.212

0.162

0.501

0.477

DP3

0.087

0.263

0.097

0.287

0.648

0.620

1.000

0.436

0.273

0.795

0.722

DP4

-0.141

-0.059

-0.148

0.330

0.422

0.212

0.436

1.000

-0.129

0.535

0.623

DP5

-0.107

0.071

0.097

0.144

0.250

0.162

0.273

-0.129

1.000

0.406

0.211

DP6

-0.139

0.106

0.136

0.283

0.692

0.501

0.795

0.535

0.406

1.000

0.788

DP7

-0.232

0.230

0.119

0.491

0.598

0.477

0.722

0.623

0.211

0.788

1.000

Values in bold are different from 0 with a significance level alpha=0.05

Table 9. Pearson correlations of specific hop enzymatic activities and percent change
in carbohydrates for beer treated with hops (day 1 – day 2).
Variables

α-amylase

β-amylase

AMG

Fructose

Glucose

Maltose

DP3

DP4

DP5

DP6

DP7

α-amylase

1

0.034

-0.019

-0.096

-0.116

-0.155

-0.056

0.081

0.221

0.197

0.110

β-amylase

0.034

1

0.229

-0.205

-0.488

0.194

-0.312

-0.502

-0.365

-0.564

-0.535

AMG

-0.019

0.229

1

-0.185

-0.374

0.166

0.030

-0.140

0.071

-0.240

-0.115

Fructose

-0.096

-0.205

-0.185

1

0.609

-0.053

0.004

0.361

-0.139

0.150

0.196

Glucose

-0.116

-0.488

-0.374

0.609

1

0.036

0.142

0.562

0.168

0.608

0.462

Maltose

-0.155

0.194

0.166

-0.053

0.036

1

0.339

-0.306

0.260

-0.179

-0.114

DP3

-0.056

-0.312

0.030

0.004

0.142

0.339

1

0.392

0.640

0.499

0.558

DP4

0.081

-0.502

-0.140

0.361

0.562

-0.306

0.392

1

0.310

0.868

0.831

DP5

0.221

-0.365

0.071

-0.139

0.168

0.260

0.640

0.310

1

0.590

0.464

DP6

0.197

-0.564

-0.240

0.150

0.608

-0.179

0.499

0.868

0.590

1

0.819

DP7

0.110

-0.535

-0.115

0.196

0.462

-0.114

0.558

0.831

0.464

0.819

1

Values in bold are different from 0 with a significance level alpha=0.05
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Categorizing hop enzymatic potential by sugar production.
Given that the impact of hop-derived enzymes on beer dextrins is the production
of “new” fermentable sugars that can lead to refermentation in the presence of yeast, we
chose to characterize the cultivars based exclusively on the changes in concentration of
fructose, glucose, maltose and maltotriose as opposed to including dextrin
concentrations. Principal components analysis (PCA) was performed on the percent
change in fructose, glucose, maltose and maltotriose between day 0 and day 1 followed
by a hierarchical cluster analysis, which revealed four unique classes of hops within the
PCA dataset (Figure 9 & 10). Principle component analysis is a useful exploratory
method to examine the interrelationships among independent variables by comparing
their covariation and to further condense multivariate data without loss of information
by creating new uncorrelated variables (principle components) that maximize variation
within the data set (Jolliffe & Cadima, 2016). The analysis revealed that glucose,
maltose and maltotriose production were independent of each other. The first principal
component (PC1) was anchored by glucose and fructose production, while PC2 was
anchored by maltose production, and PC3 was anchored by maltotriose production.
When taken together, 90% of the total variation within samples is accounted for by
changes in fructose, glucose, maltose and maltotriose concentrations as a result of dryhopping.
Hierarchical cluster analysis revealed four groupings or classes based on the
changes in sugar profiles in beer as a result of hop enzyme degradation of beer dextrins,
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thereby highlighting the complexity of enzyme content and specificity in hops. These
data suggest that the dynamics of starch hydrolysis by hop enzymes is not consistent
across cultivars. Class 1 hops are best characterized by high maltose production (p <
0.001); Class 2 by low maltose production (p < 0.001), Class 3 hops by moderate
production of maltose (p < 0.001); and Class 4 by high fructose and glucose production
(p < 0.05 and p < 0.001 respectively) (Table 10). No significant differences were found
when comparing means of enzyme specific activity across classes, thus the percent
change in fermentable sugars (day 0 to day 1) was found most useful for profiling the
enzymatic potential in hops. Classification of hops into groupings did not appear to be
due to geographical origin, however hot water extract (HWE) data showed significantly
higher percentages in European versus USA or Southern Hemisphere varieties despite
the relatively small sample size (p < 0.05). It is interesting to note that Amarillo hops
from separate harvest years clustered into two distinct classes, suggesting that other
factors not tested here must play an important role in describing the enzymatic power
of hops.
Table 10. Comparison of cultivar class means for enzymatic potential
Class
1
2
3
4
SE

Percent change in carbohydrate day 0 - 1
Fructose Glucose Maltose Maltotriose
2ab
3a
38c
0.2a
3ab
2a
18a
0.1a
1a
2a
25b
0.1a
bc
b
b
5
9
25
0.1a
1.9
1.5
3.2
0.2

Enzyme activity (U/g)
α-amylase β-amylase AMG
0.09a
0.10a
0.11a
0.07a
0.04

0.17a
0.17a
0.18a
0.16a
0.02

0.009a
0.007a
0.006a
0.004a
0.003

Tukeys HSD test groupings reported within columns for mean values of each analysis by class, and
means with different superscript are significantly different, p < 0.05
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From a relevant brewing context, the degree of fermentable sugar production
can be used to evaluate the risk of “hop creep” in hop samples. In this study, hops in
Class 1 represent those having the highest production of fermentable sugars in beer,
Class 3 and 4 having moderate sugar production followed by Class 2 which may be
categorized as low sugar producing (Figure 11 & 12). The percent change between day
0 and day 1 appears to be a useful means of characterizing hop enzymatic
intensity/performance. Furthermore, a broad range of total sugars were produced over
the two days of dry-hopping, with fermentable sugar production (fructose, glucose, and
maltose) ranging from 0.26 to 0.77 g/100 mL. To put this in perspective, the addition of
0.77 g/100 mL (~ 0.77 ° P) of fermentable sugar to finished beer would result in a
theoretical yield of an additional 1.9 v/v CO2 and 0.39% ABV if refermentation
occurred completely. If dry-hops are allowed to extract over a longer period of time
however, fermentable sugars would continue to increase and lead to an even higher
potential of putting the finished beer at risk.
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Figure 9. Principle component analysis (PC 1 vs. PC 2) of percent change in simple
carbohydrate concentration as a result of dry-hopping beer for one day. Cultivars are
grouped by agglomerative hierarchal clustering.

Figure 10. Principle component analysis (PC 1 vs. PC 3) of percent change in simple
carbohydrate concentration as a result of dry-hopping beer for one day. Cultivars are
grouped by agglomerative hierarchical clustering.

88

Figure 11. Centroid cultivar carbohydrate concentrations expressed as percent change
in sugars over one day of incubation with hops. Error bars given as standard deviation
for each class category.

Figure 12. Class centroid sugar concentrations over time in dry-hopped beer
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Conclusions.
The study described herein had several limitations, as crude extracts were used
for enzyme specific assays, and purified enzyme was not characterized. In addition to
hop enzymes, other components of the beer and hops matrix which contain enzyme
inhibitors or cofactors would of course alter the enzymic potential of hops. For example,
there is some historical evidence of inhibitory tannins present in hops which may
influence the diastatic activity of hops (Brown. & Morris, 1893). This study found that
relative enzyme activities and fermentable sugar produced in dry hopped beer varied
across the 30 cultivars tested. However, differences within cultivars were also observed
between Amarillo ’15 and Amarillo ’16, suggesting that cultivar alone is not enough to
ensure consistency in hop composition and quality, and that other factors such as harvest
year, on-bine maturity and kilning may influence enzyme activities. Hops have gained
more interest lately around the influence of terroir where differences in sensory
attributes and chemical composition were identified in cultivars grown in different
locale (Van Holle A. , Van Landschoot, Roldan-Ruiz, Naudts, & D., 2017).
Furthermore, harvest maturity has been found to influence hop quality, with late
harvested hops having higher oil concentrations and significantly different sensory
qualities (Sharp, Townsend, Qian, & Shellhammer, 2014). Hops enzymic potential may
fluctuate in response to developmental stage as nutrient priorities fluctuate over the
lifetime of the plant (Zhu, et al., 2016). Hop kilning parameters should also be
considered since kiln temperature, relative humidity, speed of drying, and bed depth
have been shown to impact important hop quality specifications such as alpha and aroma
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(Benitez, Forster, & De Keukeleire, Hops and Hop Products: Manual of Good Practice,
1997) (Doe & Menary, 1979). Therefore, it would be inadvisable to select hops based
purely on cultivar since other potential factors may also influence enzymatic power of
hops, such as harvest maturity and kilning temperature, the extent of which is not fully
understood at this time nor is it reported in this case study. Regardless, this work makes
an important step towards improving beer quality by demonstrating the complexities of
the biological mechanisms in hops. The hypothesis that hop enzymic potential varies by
cultivar was confirmed by this study and opens the door to further investigations around
how the lifetime of a hop (from farm, to processing plant, to brewery) impacts the
enzymatic power of hops.
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CHAPTER 4 – GENERAL CONCLUSIONS
As many brewers can attest to the mysterious hop creep and refermentation of
dry-hopped beer, at long last we have scratched the surface of this matter. Hops contain
starch degrading enzymes that survive post-harvest and processing to reach beer. By
adding hops to finished beer, aka dry-hopping, hop enzymes reawaken and begin to
catalyze the hydrolysis of dextrins to fermentable sugars. Finished, fully attenuated beer
does not typically contain sugars fermentable by brewing yeast strains as this would
alter the flavor and stability of the finished product if continued refermentation were
allowed to occur. Yet, with high hopping rates, extended exposure of beer to hops, and
unfiltered beer increasing by popular demand, hop enzymes are able to now influence
beer flavor and quality like never before in the history of brewing.
Unexpected production of alcohol in beer can be problematic if outside legal
specification, and the production of carbon dioxide creates worker and consumer safety
risks if glass packages are overpressure. Some measures may lessen the impact of hop
creep for brewers looking to exert control over their process, such as lowering the
temperature of dry-hopping, concentration of hops, and contact time. Filtration of hop
particulate from beer would assist with the removal of hop enzymes, and a
pasteurization step could nullify their activity entirely. Even still, enzymes are able to
persist in beer post hop removal and remain active in packaged product, so additional
measures must be taken to assure the quality and stability of dry-hopped beer.
Beyond this, many byproducts of yeast fermentation, such as esters and higher
alcohols, are flavor active and uncontrolled refermentation is likely to change the
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intended sensory characteristics of finished beer. Preliminary evidence provided by
brewers and unpublished work in our lab indicates that dry-hopping in the presence of
yeast hinders the critically important diacetyl rest during beer maturation. More research
must be done to understand exactly how hops are able to influence refermentation
dynamics, in particular the ability of yeast to produce and uptake diacetyl off-flavor in
the presence of dry-hops. Other sensory changes are prone to occur with the conversion
of higher molecular weight dextrins to simple sugars which could increases sweetness
and modify the mouthfeel of beer. Unpublished studies conducted in our lab show that
maltose increases in unpasteurized dry-hopped beer with aging, and aged dry-hopped
IPA’s were relatively sweeter than at fresh (fermentable sugars did not show an increase
in force aged IPA that had undergone pasteurization). The shelf stability of dry-hopped
beer may be compromised by hop enzymes that slowly hydrolyze beer dextrins into
fermentable sugars; more work should be conducted to probe the influence of hop
enzymes on beer sensory characteristics during aging.
All dry-hop reactions in this study were performed in the presence of
antimicrobial sodium azide to inhibit microbiological growth during extraction and
alleviate the necessity for sterile sampling; it was found that this addition did not
interfere with normal enzyme function. However, we cannot entirely rule out the
contribution of microbial enzymes to hop material from the farm or processing facility.
An evaluation of the diversity of microflora on hops is complex and outside the scope
of this work, but it is greatly needed to improve our understanding of safety and quality
control around dry-hopping practices.
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Hops were shown to vary in enzymatic activity across the 30 cultivars tested,
with the caveat that other variables such as harvest maturity and kilning practices were
not part of this study. A larger multiyear study examining cultivar differences in hop
enzymatic activity would be beneficial in validating the results found herein. Future
investigations on the impact of harvest timing and kilning temperature on hop enzymatic
power would help inform improved practices for hop growers and processors. There are
additional opportunities for hop processors and brewers to select hops on the basis of
managing hop creep; preliminary studies in our lab show that enzymic potential varies
across hop product type within the same cultivar. More studies are warranted to
investigate how hop product type influences hop creep and refermentation, and it would
be hugely beneficial to test this on a commercial brewing scale. As any good brewer
knows, with a lot of experimentation, and a little luck, hops and barley can be
transformed into the most delightful beverage in the world; now let’s drink to that!
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Table of dry-hopped beer HPLC measurements for 30 hop cultivars
Cultivar

Fructose (g/100 mL) Glucose (g/100m mL) Maltose (g/100 mL)
DP3 (g/100 mL)
DP4 (g/100 mL)
DP5 (g/100 mL)
DP6 (g/100 mL)
DP7 (g/100 mL)
Day 0 Day 1 Day 2 Day 0 Day 1 Day 2 Day 0 Day 1 Day 2 Day 0 Day 1 Day 2 Day 0 Day 1 Day 2 Day 0 Day 1 Day 2 Day 0 Day 1 Day 2 Day 0 Day 1 Day 2

Amarillo ' 15 0.026 0.107 0.109 0.029 0.125 0.165 0.000 0.423 0.549 0.710 0.756 0.731 1.000 0.865 0.584 0.260 0.223 0.000 0.200
Amarillo ' 16 0.019 0.079 0.085 0.041 0.119 0.166 0.000 0.194 0.260 0.710 0.947 0.903 1.000 1.107 1.017 0.260 0.237 0.236 0.200
Azacca
0.016 0.032 0.028 0.025 0.099 0.103 0.000 0.279 0.379 0.614 0.769 0.691 1.069 0.839 0.527 0.103 0.145 0.143 0.237
Cascade
0.020 0.079 0.076 0.019 0.134 0.170 0.000 0.287 0.364 0.710 0.940 0.874 1.000 1.008 0.636 0.260 0.102 0.076 0.200
Centennial
0.024 0.066 0.081 0.037 0.078 0.122 0.000 0.221 0.333 1.025 0.849 0.974 1.379 0.734 0.736 0.322 0.110 0.099 0.295
Citra
0.011 0.031 0.067 0.026 0.051 0.106 0.000 0.197 0.268 0.544 0.586 0.604 0.958 0.828 0.730 0.244 0.217 0.231 0.195
Cluster
0.020 0.071 0.031 0.030 0.118 0.105 0.000 0.347 0.447 0.614 0.802 0.702 1.069 0.779 0.443 0.103 0.000 0.071 0.237
Comet
0.009 0.022 0.043 0.022 0.060 0.073 0.000 0.274 0.385 0.544 0.686 0.601 0.958 0.797 0.541 0.244 0.218 0.179 0.195
Crystal
0.011 0.069 0.074 0.028 0.089 0.128 0.000 0.198 0.278 1.025 1.021 1.010 1.379 1.026 0.890 0.322 0.159 0.125 0.295
Dr. Rudi
0.028 0.059 0.054 0.000 0.108 0.108 0.000 0.197 0.181 0.870 0.828 0.742 1.040 0.956 0.762 0.280 0.273 0.187 0.210
EKG
0.038 0.066 0.058 0.062 0.118 0.093 0.000 0.152 0.209 0.544 0.633 0.592 0.958 0.884 0.691 0.244 0.226 0.194 0.195
Eldorado
0.010 0.059 0.025 0.021 0.114 0.107 0.000 0.180 0.231 0.614 0.768 0.658 1.069 1.059 0.713 0.103 0.135 0.000 0.237
Fuggle
0.049 0.073 0.063 0.056 0.154 0.180 0.000 0.463 0.583 0.614 0.817 0.726 1.069 0.605 0.319 0.103 0.114 0.150 0.237
Galaxy
0.000 0.043 0.046 0.000 0.048 0.081 0.000 0.130 0.174 0.544 0.578 0.539 0.958 0.872 0.728 0.244 0.227 0.196 0.195
Golding
0.048 0.050 0.114 0.085 0.098 0.183 0.000 0.259 0.394 0.544 0.634 0.705 0.958 0.786 0.584 0.244 0.214 0.205 0.195
Hallertau
0.040 0.105 0.108 0.082 0.135 0.188 0.000 0.187 0.230 1.025 0.891 0.920 1.379 0.911 0.903 0.322 0.180 0.140 0.295
Hersbrucker 0.082 0.130 0.132 0.077 0.150 0.187 0.000 0.187 0.237 1.025 0.953 0.904 1.379 0.965 0.868 0.322 0.163 0.129 0.295
Kohatu
0.067 0.109 0.138 0.037 0.207 0.203 0.000 0.255 0.330 0.867 1.019 0.913 1.036 1.013 0.938 0.283 0.281 0.098 0.214
Mosaic
0.020 0.087 0.074 0.038 0.114 0.133 0.000 0.250 0.394 1.025 1.016 1.036 1.379 0.925 0.777 0.322 0.120 0.120 0.295
Moutere
0.000 0.120 0.049 0.000 0.122 0.086 0.000 0.291 0.194 0.867 1.073 0.832 1.036 1.207 0.876 0.283 0.236 0.168 0.214
Mt. Hood
0.033 0.040 0.055 0.063 0.126 0.088 0.000 0.248 0.287 0.544 0.711 0.530 0.958 0.844 0.571 0.244 0.239 0.162 0.195
Nugget
0.017 0.062 0.025 0.026 0.120 0.124 0.000 0.358 0.483 0.614 0.779 0.715 1.069 0.698 0.416 0.103 0.134 0.099 0.237
Pacific Gem 0.000 0.043 0.045 0.000 0.089 0.070 0.000 0.297 0.377 0.867 0.826 0.769 1.036 0.862 0.554 0.283 0.218 0.197 0.214
Pacific Jade 0.000 0.057 0.075 0.000 0.104 0.133 0.000 0.243 0.316 0.867 0.908 0.784 1.036 0.999 1.044 0.283 0.282 0.118 0.214
Perle
0.016 0.034 0.021 0.044 0.112 0.125 0.000 0.376 0.531 0.614 0.766 0.712 1.069 0.673 0.391 0.103 0.145 0.144 0.237
Rakau
0.031 0.112 0.040 0.025 0.131 0.143 0.000 0.245 0.255 0.867 0.760 0.836 1.036 0.941 0.757 0.283 0.264 0.248 0.214
Saaz
0.026 0.104 0.106 0.065 0.142 0.183 0.000 0.216 0.299 1.025 0.948 0.923 1.379 0.910 0.724 0.322 0.144 0.123 0.295
Simcoe
0.018 0.076 0.067 0.030 0.092 0.112 0.000 0.271 0.450 1.025 0.938 1.070 1.379 0.785 0.681 0.322 0.093 0.073 0.295
Summit
0.016 0.085 0.046 0.021 0.143 0.123 0.000 0.206 0.177 0.614 0.802 0.640 1.069 1.131 0.768 0.103 0.128 0.119 0.237
Wai-iti
0.093 0.127 0.144 0.054 0.194 0.227 0.000 0.237 0.322 0.867 0.800 0.758 1.036 0.983 0.993 0.283 0.244 0.120 0.214
Willamette
0.061 0.110 0.074 0.071 0.212 0.190 0.000 0.299 0.251 0.614 0.776 0.641 1.069 0.990 0.672 0.103 0.124 0.060 0.237
*Mean values of duplicate dry-hop extraction samples (+/- 3%) run in single injections on HPLC alongside carbohydrate standard (+/- 2%) and un-hopped control beer

0.163
0.202
0.229
0.186
0.169
0.183
0.218
0.173
0.223
0.251
0.191
0.254
0.180
0.177
0.168
0.201
0.218
0.233
0.210
0.240
0.197
0.191
0.185
0.231
0.190
0.218
0.201
0.185
0.267
0.220
0.245

0.138
0.206
0.171
0.154
0.176
0.186
0.158
0.131
0.204
0.196
0.169
0.198
0.161
0.167
0.158
0.205
0.195
0.190
0.195
0.188
0.130
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0.165
0.186
0.172
0.190
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0.183
0.210
0.191
0.185

0.250
0.250
0.258
0.250
0.379
0.235
0.258
0.235
0.379
0.250
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0.258
0.258
0.235
0.235
0.379
0.379
0.267
0.379
0.267
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0.267
0.267
0.258
0.267
0.379
0.379
0.258
0.267
0.258

0.266
0.352
0.229
0.275
0.253
0.253
0.290
0.256
0.311
0.308
0.245
0.296
0.180
0.228
0.242
0.274
0.295
0.297
0.312
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0.261
0.284
0.264
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0.231
0.282
0.295
0.281
0.313
0.285
0.245

0.259
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0.264
0.295
0.256
0.158
0.214
0.314
0.252
0.230
0.198
0.161
0.212
0.252
0.294
0.289
0.253
0.324
0.244
0.204
0.154
0.237
0.265
0.172
0.241
0.295
0.339
0.210
0.259
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Diurnal effect on hop enzymatic power
Cascade hops were hand harvested from an Oregon hop farm and collected
from the same plants of three different hills 24 hours apart. The samples were
immediately sealed in foil barrier packaging and stored on dry ice until processed at
OSU. After freeze drying whole cone hops and grinding into a fine grist, hops were
assayed for enzymatic potential using lab scale dry-hopping method in Chapter 3. The
impact of freeze drying on hop enzymes is unclear and total production of fermentable
sugar was low; however, the production of maltose was found to be significantly
higher in day harvested hops than those harvested at night (p < 0.05).
Figure of Percent Change in Dry-Hopped Beer Carbohydrate Day 0 - 1; hops
harvested in day (light grey) or night (dark grey)

Hop carbohydrate data is represented as the mean value of duplicate dry-hop
treatments, and average of three biological replicates. Error bars represent standard
deviations across the three biological replicates. Freeze dried hops were dried to 6%
moisture and adjusted to 8% for calculations.
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Impact of kilning on hop enzymes
Fresh hops collected as part of the diurnal effect pilot study were followed
through to kilning. Kilned hops were assayed alongside the freeze dried “fresh” hops
for enzymatic potential using the lab scale dry-hopping approach previously described
in Chapter 3. Kilned hops showed significantly higher enzymatic potential and
maltose production than fresh hops, though the impact of freeze drying on fresh hops
may be a contributing factor. More studies are warranted to understand the influence
of freeze drying on hop enzyme activity.
Figure of Percent Change in Dry-Hopped Beer Carbohydrate Day 0 - 1; fresh
hops (black) or kilned hops (grey)

Fresh hops were taken from the previous diurnal analysis study and represented here
as the mean of day and night samples (n = 6). Carbohydrate data from kilned hops is
given as the mean value of samples taken from the bottom, middle, and top of the kiln
bed (n = 3). Error bars are the standard deviation in each grouping. Hops were
adjusted to a final moisture of 8%.
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Maltose production in commercial beers due to continued enzyme activity in beer
Commercial IPA style beer was analyzed for maltose concentration at fresh
and again after 3 days of forced aging at 37 C°. Force aging resulted in significantly
higher maltose concentrations than in beer at fresh, except for IPA 4 (p < 0.01). All
IPA’s underwent dry-hopping, with the exception of IPA 4 suggesting that the
enzymes present in hops persist in packaged beer to influence beer carbohydrate
composition during storage. A pasteurized dry-hopped beer also sampled exhibited no
change in maltose concentration from forced aging (not pictured).
Figure of IPA Beer Maltose Concentration: Fresh vs. Force Aged

Beers were sampled at single time points and measured via HPLC; a paired one-tailed
t-test showed significant differences between fresh vs. aged IPA (α = 0.05, p = 0.005)
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