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ABSTRACT

This doctoral thesis aims at the investigation of plant-based antimicrobials,
based on hop B-acids and rosin acids, for the growth inhibition of clostridia in
silage production.

In a first step, in vitro studies were carried out in order to determine the
minimum inhibitory concentration of the plant-based antimicrobials by means of
three microbial standard test methods on a range of microorganisms typically
found in silage. Results indicated that B-acids and rosin acids were not very
effective against Gram-negative bacteria, yeasts and moulds. On the contrary,
Gram-positive bacteria could already be inhibited at very low concentrations.
Interestingly, some representatives of the lactic acid bacteria group showed lower
sensitivity towards the plant-based antimicrobials in comparison to spoilage
microorganisms such as clostridia.

Based on these results, in a second step, a laboratory model was developed in
which soil contamination was used to obtain pressed sugar beet pulp silages
spoiled by clostridia. Typically, clostridial spoilage is represented by decreasing
lactic acid concentrations and increasing pH-values over the progression of
fermentation, as well as the development of high butyric acid concentrations in the
finished silage. Preliminary trials demonstrated that both, -acids and rosin acids
could limit clostridial growth, thus forming the basis for the combined use of the
antimicrobials and lactic acid bacteria to achieve an enhanced effect. Based on
the data compiled thus far, a patent application for ensiling of plant raw materials
using hop acids and rosin acids was filed. However, due to aspects concerning
approval procedures for silage additives, subsequent experiments were focused
on B-acids.

In the following systematic trials, pressed sugar beet pulp was mixed with soll
for artificial contamination with clostridia. Laboratory silos were filled with the
substrate and stored at 25°C for 90 days. The impact on clostridial growth during
silage fermentation was monitored by determination of the pH-value and dry
matter content, as well as chemical analysis of the fermentation products in
specified time intervals. Throughout the experiments, the effect of B-acids was
examined in combination with lactic acid bacteria and compared with commercial
silage additives such as formic acid and silage inoculants. Results indicated that in

contaminated silage samples, without any additives, high butyric acid contents
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occurred due to clostridial growth. This spoilage could not be suppressed by the
application of lactic acid bacteria alone. In contrast to that, the combined use of
lactic acid bacteria and B-acids in the range of 50 to 100 mg kg’ demonstrated
reduced butyric acid formation and limited clostridial growth.

In a third step, the investigations were extended to grass silages. In analogy to
the ensiling experiments with pressed beet pulp, soil-contaminated grass was
treated with the plant-based antimicrobials with and without lactic acid bacteria
and stored at 25°C for 90 days. Additionally to pH, dry matter content and silage
acids, the microbial composition of the laboratory silages was analysed at
specified time intervals. Results indicated that the combined use of lactic acid
bacteria and B-acids in the range of 50 to 100 mg kg™ inhibited clostridial growth,
which was demonstrated by favourable organic acid composition and low butyric
acid concentrations, owing predominantly to the contribution of the lactic acid
bacteria.

Based on these results it can be concluded that the application of B-acids
improves the overall preservation effect of lactic acid bacteria in suppressing
clostridial growth in silages and thus demonstrates some potential for the
combined use with lactic acid bacteria. However, further scientific effort is needed
in order to optimise the efficacy of such a combined silage additive for different

plant material sources.
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ZUSAMMENFASSUNG

Das Thema der vorliegenden Dissertation behandelt die Untersuchung
naturlicher pflanzlicher Wirkstoffe auf Basis von Hopfen-B-Sauren und Harzséuren
zur Wachstumshemmung von Clostridien in Silagen.

In der Arbeit wurden in einem ersten Schritt in vitro Studien mit im Silagebereich
Ublicherweise vorkommenden Mikroorganismen durchgefihrt und die minimale
Hemmkonzentration der Wirkstoffe mittels dreier mikrobiologischer Standardtest-
verfahren ermittelt. In den Ergebnissen zeigten die Substanzen lediglich geringe
Wirksamkeit gegen gramnegative Bakterien, Hefen und Schimmelpilze. Im
Gegensatz dazu wurde eine Hemmung grampositiver Bakterien aber bereits in
sehr niedrigen Konzentrationen erzielt. Interessanterweise zeigten einige Vertreter
aus der Gruppe der Milchsaurebakterien eine wesentlich geringere Empfindlichkeit
gegen die pflanzlichen Wirkstoffe als Verderbskeime wie Clostridien.

Auf Basis dieser Ergebnisse wurde nun in einem zweiten Schritt ein Labor-
modell entwickelt, in welchem Riubenpressschnitzel mit Erde kontaminiert wurden,
um Clostridienwachstum und somit Silageverderb reproduzierbar zu erzielen.
Clostridienverderb aufert sich typischerweise in einem Abbau von Milchséaure
verbunden mit einem pH-Wert-Anstieg Uber den Silierverlauf und hohen Butter-
sauregehalten zu Silierende. In Vorversuchen mit diesem Labormodell zeigte sich,
dass sowohl pB-S&uren als auch Harzsauren das Clostridienwachstum
einschranken konnten, wobei ein verbesserter Effekt bei der gemeinsamen
Verwendung der Wirkstoffe mit Milchsaurebakterien beobachtet werden konnte.
Auf Basis dieser Untersuchungsergebnisse wurde ein Verfahren zur Silierung
pflanzlicher Rohstoffe unter Verwendung von Hopfensauren und Harzsauren zum
Patent angemeldet. Aufgrund einer Reihe anderer Aspekte in Bezug auf eine
Siliermittelzulassung wurde der Fokus in den weiteren Untersuchungen aber auf
Hopfen-B-Sauren gelegt.

In den darauffolgenden systematischen Versuchen wurden frische Press-
schnitzel mit Erde kontaminiert, das Material in Einweckglaser gefillt und
anschlielend 90 Tage bei 25°C im Klimaschrank gelagert. Zur Unterdriickung der
Verderbsvorgange wurden Hopfen-3-Sauren mit Milchsé&urebakterien kombiniert
und mit kommerziellen Silierhilfsmitteln wie Ameisensaure und Silagestarterkul-
turen verglichen. Eine Dokumentation des Silierverlaufs erfolgte in regelméaRigen

Zeitabstanden durch Offnung von Laborsilos und Untersuchung der Silagen auf
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pH-Wert, Trockensubstanzgehalt und Garsdurenzusammensetzung. In den
Ergebnissen zeigte sich, dass eine kombinierte Anwendung von Milchséure-
bakterien und Hopfen-p-Sauren im Bereich von 50 bis 100 mg/kg das Wachstum
von Clostridien und damit die Bildung von Buttersaure gut zu unterdriicken
vermag. Im Gegensatz dazu lagen die Buttersduregehalte bei der alleinigen
Anwendung von Milchséaurebakterien auf einem signifikant h6heren Level.

Im dritten Teil wurden die Untersuchungen schlie3lich auf Grassilagen
ausgedehnt. Analog zu den Versuchsserien mit Pressschnitzeln wurde leicht
angewelktes Gras mit Erde kontaminiert, mit den Wirkstoffen bzw. Silierzusatzen
behandelt und in Einweckglasern bei 25°C gelagert. Neben den bereits genannten
Untersuchungsparametern wie pH-Wert, Trockensubstanzgehalt und Géarsauren-
spektrum wurde auch die mikrobiologische Zusammensetzung der Silagen
analysiert. Dabei zeigte sich, dass eine kombinierte Anwendung von
Milchsaurebakterien und Hopfen-p-Sauren das Wachstum von Clostridien und die
Bildung von Buttersaure gut zu unterdricken vermag, der Effekt offenbar aber
uberwiegend auf die Milchsaurebakterien zurtickzuflhren ist.

Die vorliegenden Ergebnisse dieser Arbeit lassen den Schlul3 zu, dass die
Anwendung von Hopfen-B-Sauren den konservierenden Effekt von Milchséure-
bakterien zur Unterdrickung des Clostridienwachstums in Silagen entscheidend
verbessern kann und zeigen Potential fir kombinierte Siliermittel auf. Es ist jedoch
weiterer Forschungsbedarf notwendig um die Wirksamkeit eines derartigen

Kombinationsprodukts fur verschiedene pflanzliche Rohstoffe zu optimieren.
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INTRODUCTION

In the early 1990s the Austrian sugar industry voluntarily abstained from the use

of formaldehyde for the control of bacterial infections in the extraction area. This
was the starting point for a whole new approach to use natural plant-based
products in a large scale industry (Pollach et al.,, 2004). The sugar producing
company involved wanted to avoid being linked to a substance that was portrayed
throughout the media as “bad” and “unhealthy” and in keeping with this decision,
acceptance of various operational problems and financial losses were required.
However, a remedy was underway: accidentally it was observed that bacteria,
which are present in sugar raw juice, did not grow on a nutrient medium containing
traces of hop bitter acids. A literature survey explained the discovery and indicated
that the observed antiseptic properties of hop compounds were initially utilised to
protect beer from bacterial spoilage in order to extend the shelf life of this alcoholic
beverage. In view of these findings, sugar technologists, convinced of having
experienced a remarkable discovery, pressed ahead with the vision of replacing
an established, so-called “hard” chemical biocide with well known food compounds
encompassing a positive image: hops. Upon establishing contact with the hop
industry, large scale trials in sugar factories were performed with a by-product
from the manufacture of hop extracts for brewing purposes. The trials successfully
confirmed the aforementioned antiseptic effect. Eventually, the innovative method
of using hop compounds for combating bacteria in sugar production was granted a
patent in 1997 (Pollach, 1997). Since then, the marketing of a hop product based
on B-acids, one of the major active compounds of the hop resin, became a
profitable business in the worldwide sugar industry and all involved partners
profited from the problem. The sugar company had an alternative product, which
had the potential to rather stimulate curiosity than anxiety. The hop company was
able to market an initially low-margin by-product in a whole new field where it was
possible to achieve greater profits. The inventor company could participate
through license agreements with the hop company. Additionally, there was the
clear perspective to further expand into other fields of application and the
awareness that this could be achieved more easily by cooperation.

Looking back at this particular piece of recent history, a role model can be
derived, which demonstrates the general need for antimicrobial agents in food and

feed production with a more sustainable approach, thus avoiding chemicals or
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antibiotics. With increasing importance of bioethanol usage and thus more
bioethanol plants, hop products were also tested and found suitable for bioethanol
production — an industrial field of application, which was much closer to beer
brewing than sugar production. In this context, the use of antibiotics to suppress
lactic acid bacteria in order to minimise ethanol yield losses in yeast fermentation
was very common. However, within the European Union, the use of antibiotics in
bioethanol production was forbidden in order to avoid transfer of the substances to
DDGS (dried distillers grains with solubles), a dried co-product from bioethanol
production consisting of unfermented grain residues and concentrated thin stillage,
which combined is an important feedstuff for farm livestock (Muthaiyan et al.,
2011). This pre-requisite opened up the field for alternative substances, with hop
based products again suitable for application (Rueckle & Senn, 2006). Also,
antibiotics added to animal feed as growth promoters were constantly under
debate and eventually banned within the EU on 1% January 2006 (OJEU, 2003;
Narvaez et al., 2011). Due to this overuse of antibiotics, the spread of antibiotic
resistance of animal and human pathogens became a major problem and
therefore, in recent years, plant compounds have been increasingly considered as
alternatives. Again, it is not surprising that there are numerous studies, which
suggest the use of hops to positively influence the microbial composition in the
digestive tract of livestock, all the more as hop extracts are approved as feed
additives throughout the EU (OJEU, List of additives, 2011; Narvaez et al., 2011).
However, the use of antibiotics for the latter mentioned purposes currently remains
to be allowed in many countries, including the US and Brazil. Hop compounds
have also been tested in animal hygiene as agents for udder and teat disinfection
in order to replace common products based on iodine and chlorine, which are not
particularly suitable for such sensitive tissue (Haas, 2006).

These examples illustrate that there is intensified reassessment taking place
with respect to the use of antimicrobial substances. They also demonstrate that
the origin for new approaches can emerge from different sources (the industry,
consumer concerns, governing and legislative bodies, etc.), which are often
closely interrelated.

Returning to the sugar industry, the hop compounds applied in the extraction
area were found to be present in the resulting pressed pulp, which can be dried or

ensiled for subsequent use as an animal feed. Due to the fact that inhibition of
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undesired groups of microorganisms was reported in the course of ensiling, the
positive effects were attributed to the hop remnants (Pollach et al., 1999).
Together with earlier observations, which also indicated anticlostridial activity of (-
acids (Pollach et al., 2002), it seemed reasonable to evaluate the potential of hop
compounds in silage production, where clostridia are among the most important
spoilage microorganisms. With respect to this, therefore, effective and reliable
antimicrobials are in much demand (McDonald et al., 1991).

Thus, the subsequent chapters highlight the traditional use of hop compounds
within the brewing industry, as this is the historic starting point of these additives in
human nutrition and that which remains the most important sector for hops use. In
addition, the current knowledge about the chemistry, the specific antimicrobial
action and other uses for the hop compounds are discussed. Finally, the field of
silage production with a special focus on clostridial spoilage problems and the

economic impact for farmers and the dairy industry are outlined.
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Hop acids

The hop plant

The hop plant Humulus lupulus L. is a climbing perennial plant which belongs to
the family of Cannabinaceae. It has separate male and female plants, and it is the
female plant’s unfertilised flowers, which occur in inflorescences and are referred
to as cones upon maturity. The cones are composed of a central strig and of
bracts and bracteoles, which contain the so-called lupulin glands (Fig.1). These
yellow, golden-brown lupulin glands are the commercially relevant part of the plant
as they incorporate essential oils, hop polyphenols and the hop resin (Rybacek,
1991; Neve, 1991; Heyerick, 2001). The major components of dried hop cones are

summarized in Table 1.

Strig

Bracteole

Lupulin gland
containing resins and
essential oils

Figure 1: The essential parts of the hop cone (Eiken, 2011; USDA, 2011)

Table 1: Average composition of dried hop cones (Heyerick, 2001)

Nature Percentage (w/w)
o-acids 2-19
p-acids 2-11
Essential oil 0.5-3.0 (viw)
Polyphenols 3-6
Monosaccharides 2-3
Amino acids 0.1
Proteins 15
Lipids and fatty acids 1-5
Pectins 2
Ashes/salts 5-10
Cellulose-lignins 40-50
Water 8-12
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Hop bitter acids

The hop resin contains two main groups of bitter acids, which can be both
characterised as prenylated phloroglucinol derivatives: a-acids (humulones) and -
acids (lupulones) (Huavere, 2004). The a-acids are a mixture of humulone and its
congeners cohumulone, adhumulone, prehumulone and posthumulone, which only
differ in the nature of the acyl side chain “R” (Fig. 2). Accordingly, the -acids are a
mixture of lupulone and its congeners colupulone, adlupulone, prelupulone and
postlupulone (Neve, 1991). Fig. 2 presents an overview of the chemical structure
of a-acids and B-acids and their respective analogues (Verzele & De Keukeleire,
1991).

OH 0 OH 0]
AN R AN AN R
AN AN
HO @) HO O
HO
S P N
o-acids p-acids
Hop o-acid Hop p-acid Acyl R
Humulone Lupulone CH,CH(CHys),
Cohumulone Colupulone CH(CH53),
Adhumulone Adlupulone CH(CH3)CH,CH;
Prehumulone Prelupulone CH,CH,CH(CHs3),
Posthumulone Postlupulone CH,CHs;

Figure 2: Structural formulas of the hop bitter acids

Hop acids are weak acids, which exhibit very poor water solubility and have
almost no bitter taste in their native form. In their pure state they appear as pale-

yellowish solids. a-acids have acidic, lipophilic, salt forming, and chelating
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properties, which are comprised by a B-tricarbonyl functional group as the main
structural feature and by the hydrophobic side chains. In contrast to a-acids, B-
acids cannot form salts with lead(ll) acetate and are less acidic than a-acids,
because the tertiary alcohol function at C6 is replaced by an extra prenyl side
chain. B-acids are extremely sensitive to oxidation, which is initiated by air (auto
oxidation) (Van Cleemput et al., 2009). Both, the a- and B-acids, have common
biochemical precursors, the 6-deoxy-a-acids. The relative proportions of a- and -
acids depend on the hop variety, the cultivation conditions and the time of
harvesting (Benitez et al., 1997).

In the brewing industry the a-acids are considered the most valuable fraction of
hops. The traditional brewing practice, according to beer purity laws, utilizes hops
as whole cones or in the pelletized form at the stage of wort boiling, where the o-
acids undergo a thermal isomerisation reaction (Fig. 3), thus forming iso-a-acids
(occurring as cis- and trans-stereoisomers), which have increased water solubility
and bitterness (Benitez et al., 1997; Moir, 2000). However, the yield typically does
not exceed 30 % (Hughes, 2000). The B-acids are only sparingly water soluble
and cannot undergo the same isomerisation processes as a-acids (Moir, 2000).
Instead, the majority is lost in the brewing process due to precipitation reactions
and adsorption to solids present in the wort. With the exception of a minor fraction
that results in flavour active derivatives in beer, the B-acids are considered as

compounds with a low brewing value (Benitez et al., 1997; Verhagen, 2010).

OH

HO O
HO

a.-acids Iso-a-acids

Figure 3: Isomerisation reaction of a-acids during wort boiling
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A more progressive approach in brewing uses hop extraction by means of
supercritical CO;, or organic solvents to produce iso-a-acids and reduced iso-o-
acid products. The reduced acids are more hydrophobic and even more bitter than
the iso-a-acids. Additionally, they are light stable, in contrast to iso-a-acids. The
extracts produced with this method can be added to the finished beer in order to
adjust to the demanded bitterness, thus avoiding the a-acid yield losses, which
occur in the traditional hops addition during the wort boil. The extraction and
separation process applied to produce these products is outlined in Figure 4. A by-
product of the process comprises the p-acid fraction which is available for

utilisation in other fields of application (Benitez et al., 1997).

HOPS

Step 1: Extraction with
supercritical carbon dioxide

v
Hop Extract

o-acids (40-60%)

B-acids (15-40%)

Hop oil (5-10%)

Waxes (0-5%)

Used in brewing applications

Residue .
Step 2: Water extraction pH 6.5-8.0
Alpha acid products
A 4
Aromahop
a-acids (<5%) v

B-acids (30-65%)
Hop oil (5-20%)

Waxes (0-10%) Tetrahydro-iso-a-acids
Used in brewing applications

Dihydro-iso-a-acids

Hexahydro-iso-o-acids

Step 3: Water / KOH
extraction pH 10-11.5

BetaStab 10A

B-acids (9-11%)
a-acids (<1%)
Hop oil (0.1%)
Waxes (<2%)
Water (81-91%)

Figure 4: Flow chart for the production of hop extracts (BetaTec, 2011)
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The relevance of hop bitter acids: a historic overview

The history of hop use and the utilization of its antibacterial properties are
closely related to beer brewing. It might well be that the worldwide success of this
alcoholic beverage would not have happened without the preservative properties
of hops. In a time, when the technique of pasteurization was still unknown, hops
ensured the storability and transportability of beer. Vice versa, the motivation to
clarify the antiseptic properties of hops in the course of beer brewing was driven
by the desire to improve the beverage. From today’s view, the history of beer
consumption by man is also an extraordinary long-lasting history of the
consumption of an additive with unique properties. Having this in mind, it is worth
considering the interrelation of both. Thus, Table 2 tries to identify important

milestones and events in the history of hops use for beer preservation.

Table 2: Historic overview of hops use in brewing

TIME SCALE EVENT

B.C. 7000 - Beer brewing was already known in ancient civilisations (Sumer, Babylon, Egypt),
B.C.5000 however itis very unlikely that hops were used,

Pliny the Elder reports about the use of hops in salads and as a replacement for
aparagus;

AD. 60

A.D.600- First mention of hop gardens (768, near the monastery Weihenstepan, Bavaria);
A.D. 800 Hop fruitlet finds in European areas are a supposed indicator for hop-use in brewing;

Abbot Adalhardus from the Monastery of Corvey (Germany) mentions the use of

~AD. 822 hops in brewing in a series of statutes;

A.D. 859 - Cultivation of hops in humularia (hop gardens) at the monastery Weihenstephan,
A.D. 875 however no cast-iron evidence for use in brewing;

Famous Graveney-boat find indicates that hops were already being traded, which
can only be explained in the context of brewing; Earliest available records for hop in
brewing relate to western Switzerland and France;

A.D. 900 -
A.D. 1000

~A.D. 1150 - Hildegard of Bingen (1098-1179) remarks in her Physica the use of hops for beer
AD. 1160  brewing and appreciates its preservative effect;

AD. 1100 - Use of hops becomes common outside of areas were sweet gale (Myrica gale)
A.D. 1300 was used as a beer additive;

Myrica beer is in decline in continental Europe as hops are increasingly used to

th
147 century flavor beer with the advantage of prolonged shelf-life;

By rumor M. gale is said to be poisonous, thus brewing of Myrica beer is forbidden;
A.D. 1400 - 1516 the beer purity law comes into force in Germany;
A.D. 1600 In England hop use is prohibited by law to protect Myrica beer in the 15th century; in
1554 legalization of hop growing by parliament;

A.D. 1800  Hops are the only flavoring compound allowed to be used in beer brewing;
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Although it is well known that ancient civilizations in Egypt and Mesopotamia
brewed beer, it is not certain if these peoples used hops as a flavoring additive
(Hornsey, 2003). In the first century A.D., Pliny the Elder mentions the use of hops
for salads and as a replacement for asparagus. He referred to it as the “wolf of the
willows”, because the wild growing hop vine strangled willows, similar to wolves
devouring sheep. This also explains the Latin name “Lupus salictarius”, from which
the later name Humulus lupulus is derived (Verzele & De Keukeleire, 1991). The
origin of the genus name Humulus may go back to a latinization of the Slav word
“hmelj”, meaning head (Neve, 1991; Huavere, 2004).

In the Early Middle Ages, it was discovered that the plant’s flowers can be used
to increase the shelf life of beer, because they inhibit microbial spoilage. However,
it is not clear where in Europe this important discovery was made, as there are
contradictory statements in the literature and written records are rare (Barth et al.,
1994; Behre, 1999; Hornsey, 2003). The general use of hops in the era before
1000 A.D. could be traced back by fruitlet finds and by the mention of hop
gardens, for example at the monastery Weihenstephan in Bavaria 768 A.D.
(Verzele & De Keukeleire, 1991; Behre, 1999; Hornsey, 2003). Most authors
believe that the first mention of hops for brewing purposes was in 822 A.D., when
Abbot Adalhardus from the monastery of Corvey in Germany refers to it in written
statutes. The famous “Graveney-boat find” is seen as an indicator for brewing-
related hops trade between continental Europe and England in the 10" century
(Behre, 1999; Hornsey, 2003).

After 1000 A.D., the use of hops in beer brewing markedly increased, which is
documented by numerous archeo-botanical evidence and written reports. In the
12" century, Hildegard of Bingen remarked in her “Physica” the use of hops for
beer brewing and appreciated its preservative effect. But all in all, she actually
depreciated hops due to supposed side effects and recommended sweet gale
instead (Behre, 1999). Sweet gale (Myrica gale) was used together with other
plants in so-called “gruits”, which represented the flavoring additive of choice for
beer at that time. During the next centuries, both beer additives existed in parallel,
contesting for the lead and favor among beer brewers and drinkers. However, the
unique preservative character of the hop bitter acids made hops superior to sweet

gale: hops as an additive was rapidly gaining ground and, supported by beer purity
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laws in the 16™ century, eventually prevailed over sweet gale, finally becoming the
only beer flavouring additive allowed since the 18™ century (Behre, 1999).

Antibacterial mechanism of hop acids

For more than 1000 years the use of hops was consequently propelled within
the brewing industry for beer preservation. However, it remained unknown which
hop compound was responsible for that effect (Piendl & Schneider, 1981).
According to the literature, Hayduck in 1888 was the first to show that the
antiseptic properties of hops were due to the soft resins (hop acids) (Sakamoto,
2002). With increasing knowledge of hop chemistry in the late 19" and the early
20™ centuries (Stocker, 1962; Verzele & De Keukeleire, 1991), brewing
microbiologists continued the quest to elucidate the antiseptic properties of hop
constituents, which conferred microbial stability to beer. Shimwell (1937a, 1937b)
stated that by 1922 the antiseptic potency of hops had long since become an
unquestioned dogma in brewing: bacteria, which were able to grow in the
presence of hop compounds were seen as exceptional cases owing their
resistance to acquired immunity produced by a long contact with hop antiseptic
under brewing conditions. However, on the basis of experiments with various
Gram positive and Gram negative bacterial strains, Shimwell (1937a) postulated
the “heretic” conception that hop antiseptic might be effective only towards Gram
positive bacteria. In systematic studies he could demonstrate that this was indeed
the case as there was a close connection between Gram staining and
susceptibility of bacteria to hop acids.

Motivated by these studies, hop acids were tested against various
microorganisms, first and foremost against Gram positive bacteria. The hop
compounds were even considered as possible agents for the suppression of
tuberculosis. Chin et al. (1949) confirmed previous findings and stated that the
inhibitory power of hop acids against S. aureus and M. tuberculosis was greater
with decreasing pH, independent of the growth medium. However, when human
serum was present, the effect was reduced. In Germany, statistical investigations
were conducted with the aim to find out if there is a connection between
tuberculosis and the peoples’ occupational category. These studies were based on
hints that among members of the brewing industry, who consumed more hop bitter

acids through altered beer consumption, lower numbers of tuberculosis cases
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could be observed. However, the results were not very pronounced (Boetzig,
1952; Rohne & Rische, 1952;). Riedl (1954) studied the effect of synthesized hop
acids against S. aureus and M. tuberculosis and demonstrated that the inhibitory
effect was associated with the length of the acyl side chains of the substances and
increased with their hydrophobic properties. However, in spite of favorable in vitro
effects against M. tuberculosis, the relevance of hops in this field diminished again
as adverse physiological effects were reported and superior agents, other than
hops, were successfully employed to fight tuberculosis (Piendl & Schneider, 1981).

Despite the striking evidence brought to light in the first half of the 20" century,
the antimicrobial effect of hop acids in beer brewing remained doubtful. This was
likely to be triggered by repeated observations of beer spoilage incidents
associated with hop resistant Gram positive lactic acid bacteria (LAB). Though
studies conducted by Teuber (1962) once more confirmed the effectiveness of
hops against Gram positive bacteria and demonstrated that even actinomycetes
were sensitive, although to a lesser extent as for example B. subtilis, it was
concluded that the sensitivity of the substances towards oxidation and the
negative influence of light and metal ions would limit the preservative effect. This
view was even more emphasized by the outcome of a subsequent study, which
compared the minimum inhibitory concentration (MIC) of humulone, lupulone and
isohumulone (Teuber, 1970). Due to the fact that isohumulone demonstrated a far
higher MIC than the common concentration of the substance in beer, it was
concluded that the preservative effect exerted is not so significant. However, the
influence of pH on the effectiveness of the substances was not taken into account
as the MIC determination was performed at neutral pH values. In an attempt to
clarify the mode and the site of action of hop acids in bacteria, co-workers Teuber
and Schmalreck (1973) studied the effect of lupulone, humulone, isohumulone and
humulinic acid on a B. subtilis strain. Since the antibacterial potencies of hop bitter
resins were known to be higher in the least soluble lupulones, they supposed that
the cell membrane might be the primary target in hop-sensitive bacteria and
demonstrated that bactericidal concentrations of hop acids lead to membrane
leakage accompanied with inhibition of nutrient transport into the cell.
Concentrations below the MIC were found to be bacteriostatic, as they extended
the lag phase of bacterial growth. A further study with 26 different hop acids also
included several synthetic humulone and lupulone derivatives (Schmalreck et al.,
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1975). Again, the cytoplasmic membrane of susceptible bacteria was supposed to
be the site of action. As it seemed obvious that the inhibitory action was coupled
with the hydrophobic properties of the hop acids, the authors concluded that the
extremely low water solubility literally “forced the resins into the lipophilic
membrane, thus leading to cell death”. However, the exact mechanism remained
unknown.

The “molecular structure and antibacterial function of hop resin materials” was
also investigated after 1990 (Simpson, 1991). Meticulous studies were carried out
in order to clarify the mode of action that confers antibacterial activity to iso-a-
acids, the predominant hop acid species found in beer. By using L. brevis, a hop
resistant beer spoilage LAB, it was shown that pH is a decisive factor in the
assessment of the MIC of hop acids, as their antibacterial effect is determined by
the share of undissociated acid present. Thus, a concept using approximate or
equilibrium pK,-values was employed to explain the MIC-change for humulone,
colupulone, trans-isohumulone and humulinic acid over a pH-range of 4-7,
revealing that the MIC of colupulone, the B-acid, was highest and least affected by
pH (Simpson & Smith, 1992). Potentiometric studies revealed that in an
electroneutral process undissociated trans-isohumulone transports protons across
the cell membrane and, after internal dissociation, leaves the cell through the
formation of a complex with divalent cations such as Mn®. Concerning the
bacterial cell, this process results in a decrease of the pH gradient across the
membrane. In view of these results it was proposed that hop acids act as mobile
carrier ionophores, which move protons across the cell membrane, thus effectively
dissipating the transmembrane pH-gradient of the proton motive force and
eventually causing inhibition of nutrient transport and ultimately cell death
(Simpson, 1993a, 1993b; Simpson et al., 1993). More recent studies have
principally confirmed the ionophoric activity of hop acids but have indicated further
possible inhibitory mechanisms (Behr & Vogel, 2009).

As hop-resistant organisms are able to maintain a transmembrane gradient and
ATP pool in the presence of trans-isohumulone, it was concluded that hop
resistance of bacteria originated within the cell membrane (Simpson & Fernandez,
1994). Structural similarities among the hop acids suggested the idea that their

antibacterial activity might also be similar. Consequently, sensitivity and resistance
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patterns of LAB, which were demonstrated for trans-isohumulone, were found to
be valid also for other hop acids (Fernandez & Simpson, 1993).

Parallel to that, growth inhibition of a thermophilic Bacillus sp. in recovered
hopped wort was reported. Results showed no sporicidal activity but a limited
extent of bacterial germination and an outgrowth at higher hop acid concentrations
(Smith & Smith, 1993). Conversely, researchers found that B. subtilis was not
sensitive to hop compounds and proposed that development of resistant strains
could be easily obtained by repeatedly transferring bacterial cultures to a medium
with higher hop compound concentrations (Haas & Barsoumian, 1994). To date
the phenomenon of hop adaptation is generally accepted and seen as the reason
why beer spoilage LAB can gradually acquire enhanced hop resistance (Suzuki et
al., 2006).

Investigations into the mechanism of hop resistance among beer spoilage LAB
continued and were found to be conferred to the bacteria by a number of
processes (Sakamoto & Konings, 2003; Suzuki et al., 2006). These include
extrusion of hop compounds from bacterial cells by an ATP dependent multidrug
transporter (HorA) and a proton motive force dependent multidrug transporter
(HorC), respectively (Sakamoto et al., 2002; Suzuki et al., 2002; lijima et al.,
2006). Furthermore, a proton translocating ATPase, the ATP production system,
an altered cell wall composition and other factors were found to contribute to the
hop resistance mechanisms in LAB (Simpson & Fernandez, 1994; Suzuki et al.,
2006; Sakamoto et al., 2002; Behr et al., 2006). Due to the fact that hop resistance
mechanisms in LAB are being related to genes, which are encoded on plasmid
DNA (horA, horC), it was presumed that hop resistance patterns may be
transferrable to other bacteria, and even pathogenic ones (Sakamoto, 2002). For
LAB in particular, it was found to be evident that they acquired hop resistance
through horizontal gene transfer (Suzuki et al., 2006).

Antimicrobial spectrum of hop acids

Since Shimwell demonstrated in 1937 that there is a close connection between
Gram staining and the susceptibility of bacteria to hop acids, it has generally been
accepted that hop compounds are inhibitory against Gram positive but not Gram
negative bacteria (Teuber & Schmalreck, 1973; Van Cleemput et al., 2009). This
remains valid nowadays, although there is a report concerning growth inhibition of
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various E. coli strains caused by hop acids, thus suggesting a method to apply hop
compounds also against Gram negative bacteria (Fukao et al., 2000). However,
growth inhibition of E. coli was only obtained when hop acids were combined with
other antibacterial agents. Antifungal activity for hop acids has been reported on
several occasions (Chin et al., 1949; Mizobuchi & Sato, 1985). However, an
inhibitory effect against yeasts has never been observed (Teuber & Schmalreck,
1973; Siragusa et al., 2008). Hop acids were also found to be effective against

viruses and protozoa (Van Cleemput et al., 2009).

Perspectives of application

Apart from their use in the brewing industry, hop acids have been tested against
various Gram positive bacteria in order to utilize their antimicrobial properties also
in other fields of application. One of the earliest potential uses, which attracted
interest, was against human pathogens such as M. tuberculosis, but practical
relevance in this field was limited. Later studies showed inhibitory effects against
B. subtilis. However, the aerobic bacterium had only low relevance in beer brewing
(Teuber & Schmalreck, 1973; Simpson, 1993a). The authors noted in their
literature review that hop acids had already been found to be effective against a
wide range of Gram positive bacteria including the genera Bacillus, Streptococcus,
Streptomyces, Micrococcus and others. Piendl and Schneider, in 1981,
extensively reviewed the literature for MIC studies of hop compounds against a
wide range of microorganisms, including bacteria, yeasts and molds. However,
follow-up studies to identify fields for practical utilization of the obtained knowledge
were not subsequently undertaken.

At the beginning of the 1990s, when Simpson (1991) was able to provide
substantial insights in the mode of action of hop acids against Gram positive
bacteria, the focus gradually shifted away from beer brewing to other potential
fields of application. These activities were also promoted by the hop producing
companies, whom wanted to diversify their product application in order to avoid
complete dependency on the brewing industry. Hop acids were the subject of
various patent applications and publications for their use in foods to control
clostridia and listeria (Millis & Schendel, 1994; Barney et al., 1995; Larson et al.,
1996; Johnson & Haas, 1999; Shen & Sofos, 2008). Other investigations were

carried out in such different fields as animal dietary supplements, pharmaceuticals,
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veterinary hygiene, dental hygiene and others (Barney et al., 1994; Bhattacharya
et al., 2003; Righy & Seagal, 2005; Haas, 2006; Yamaguchi et al., 2009; Maye,
2010; Madsen et al., 2011). However, these findings and patents had no or only
minimal commercial success.

Parallel to that, hop acids were introduced within the sugar industry at the
beginning of the 1990s as an alternative to formaldehyde in order to control
bacterial contamination in the extraction area (Pollach et al., 1996; Pollach 1997,
Hein et al., 2006). Interestingly, continued studies also demonstrated an inhibitory
effect of hop acids at alkaline pH values, where thick juice, an intermediate
product of sugar production, could be protected from bacterial degradation during
its storage (Hein et al., 2002; Juste et al., 2007). Subsequently, the search for
industrial uses continued: in bio-ethanol production the hop compounds were
introduced with the aim to replace antibiotics (Rueckle & Senn, 2006). Other
authors suggested the use of hop compounds as a replacement for antibiotics in
livestock in order to influence the microbial flora in the digestive tract, thus
improving nutrient utilization and animal health (Rigby & Segal, 2005; Cornelison
et al., 2006; Flythe, 2009; Maye, 2010; Narvaez et al., 2011). Recently, a patent
has been granted for the use of hop acids in the field of maize starch production,
with the aim to minimize microbial losses in wet maize storage and to replace SO,
in maize steeping (Baczynski & Wirth, 2010). Thus, hop acids have increasingly
become a true alternative to biocidal products, which are under debate because of
negative effects induced on humans and animals. Today fields of application
which have become economically important include worldwide acting industries
like that of sugar, yeast and bio-ethanol production (Hein et al., 2006; Baczynski et
al., 2007; Muthaiyan et al., 2011).

Generally, hop acids can be considered as effective agents in fields, where
Gram positive bacteria require control. However, it is necessary to keep the
compounds’ main characteristics in mind in order to achieve optimum results.

Table 3 was compiled to outline the pros and cons of hop acid use.
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Table 3: The pro’s and con’s of hop acid use

Pro’s of hop acid use

+ natural plant-derived products with GRAS (generally

regarded as safe) status

Harmless towards humans & animals
Long safe history in beer brewing and human
consumption

Effective against Gram-positive bacteria, including
pathogens at very low inhibitory concentrations

Wide

respective derivatives) with specific optimum pH-range

range of products (a-acids, p-acids and
Positive image as an alternative agent compared to
"hard" chemicals or antibiotics due to its long-time use

in the food industry

Con’s of hop acid use

Prone to degradation and limited storability, sensitive to
air (oxygen), light, humidity, temperature, metal ions
(complex formation)

Weak acids, effectiveness is pH-dependent

Minor effect against fungi, no effect against Gram-
negatives and yeasts

Adaptations / resistance development in bacteria (LAB)
Limited availability and price fluctuations due to volatile
hop market

More expensive than other biocidal substances (e.qg.
formaldehyde, antibiotics, SO5;)

Low water solubility and limited applicability due to

bitter taste
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Silage production

Silage production — a brief historic overview

The production of silage has a long historic tradition. According to the literature
there is evidence that the preservation of plant materials as an animal feed was
already known in ancient Egypt 1500 to 1000 B.C. Also the Greeks and the
Romans appreciated silage production and from ancient writings from the
Mediterranean it can be derived that air-tight sealing was seen as a precondition
for successful silage preservation. However, a scientific approach in the process
emerged only in the 19™ century, when Grieswald, in 1842, recommended to fill
pits with fresh grass as rapidly as possible, compact the material and seal off the
contents in order to avoid entry of air. In 1877, a French farmer named Goffart
published the first book on ensilage, which is seen as the practical modernisation
of the procedure. This book was later translated and also served as the technical
basis for silage production throughout the US and Europe (McDonald et al., 1991).

Although the basic principles of silage production have been applied for many
centuries, the success story of silage was delayed until the 1950s, when more
intensive animal production was demanded. The revival of this preservation
method was also supported by the introduction of the forage harvester in Europe
and North America in the 1960s (Wilkinson & Toivonen, 2003).

World silage production

Silage production, as a way to preserve animal feed, has increased over the
years at the expense of hay, because its production is less dependent on
sustained periods of dry weather. From a worldwide perspective of utilised area,
the most important crops for ensilage are grass and maize, with grass being more
important in Europe and maize in North America. Other crops for ensilage include
corn varieties (e.g. wheat, barley), legumes and industrial by-products (sugar beet
tops, pressed sugar beet pulp, brewers grains) (Wilkinson & Toivonen, 2003). In
2000, the estimated area of land harvested for silage in Western Europe was
approximately 15 million hectares of which 10 million were grass, 4 million maize
and 1 million others. Generally, the production of silage has markedly increased in
Europe between 1975 and 1990 from approx. 50 to 100 million tonnes dry matter.

Since the 1990s, the production has remained more or less static. Table 4
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presents an overview of production figures for the five most important European

countries and the US.

Table 4: Important countries for silage production (Wilkinson & Toivonen, 2003)

Estimated production in 2000
(million tonnes dry matter)

Country Grass Maize Other Total
France 6.1 16.8 5.3 28.2
Germany 8.6 14.6 3.2 26.4
United Kingdom 9.4 1.1 0.4 10.9
Czech Republic 7.3 2.6 0.5 10.4
ltaly 0.2 6.9 0.4 7.5

USA 1.7 324 9.0 43.1

In Austria, silage production on a dry matter basis in 2000 was estimated to be
1.6 million tonnes of grass, 1.2 million tonnes of maize and 0.2 million tonnes of
other crops. More recent figures are available for 2009 with 2.8 million tonnes of
grass, 1.1 million tonnes of maize and 0.5 million tonnes of legumes (BMLFUW,
2010; Resch, 2011). This data indicates that production in Austria has significantly

increased over the last decade.

Goals in ensiling
Silage can be described as the material produced by controlled fermentation of

a crop with high moisture content in order to preserve nutritional feeding value
(McDonald et al., 1991). Thus, the main objectives in preserving crops by lactic
acid fermentation include the rapid achievement of anaerobic conditions and the
minimization of losses caused by spoilage microorganisms. In order to achieve
these goals it is necessary to adhere to some essential points in silage production
(Weissbach, 2002; DLG, 2006):

e Use only clean material in its optimum condition (harvester settings to

min. cutting height of 5-7 cm, right harvesting time)
e Dry matter content with an optimum range between 30-40 %

e Optimum chopping length (< 4 cm), compaction of the material in the silo
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e Quick filling and adequate sealing in order to achieve airtight conditions
for the subsequent lactic acid fermentation
e Use silage additives to support the natural fermentation process and limit

secondary fermentation

Clostridia — a major problem in silage production

Apart from yeasts and moulds, which are associated with aerobic spoilage,
clostridia are one of the major disturbing factors in silage fermentation. Bacteria
from the genus Clostridium are obligately anaerobic spore-formers and many of
the species can ferment carbohydrates as well as proteins. Clostridium species
typically associated with silage are C. tyrobutyricum, C. butyricum, C. sporogenes
and C. bifermentans (McDonald et al., 1991). While the first two species are
regarded as saccharolytic, the latter species are highly proteolytic, thus degrading
proteins and amino acids. The resulting products have a negative impact on the
feeding value of the ensiled material and on animal health (e.g. toxic biogenic
amines) (Krizek, 1993; Van Os et al., 1996). Among the species described above,
C. tyrobutyricum is the most problematic, as this bacterium is acid tolerant and
capable of converting lactate to butyric acid, H, and CO,. Abundant growth of C.
tyrobutyricum in silage can lead to an increase in pH and subsequently to growth
of less acid tolerant clostridia and even pathogenic microorganisms like C.
botulinum (Notermans et al., 1979; Driehuis & Oude Elferink, 2000).
Consequently, clostridial growth may not only cause severe nutrient losses in the
silage but also represents a health hazard when the silage is fed to animals
(Weissbach, 2004). Silages spoiled by clostridia are typically characterised by a
high pH and an unpleasant smell caused by high contents of butyric acid,
ammonia and amines.

In ensiling, the spoilage microorganisms are naturally suppressed by intense
lactic acid fermentation under anaerobic conditions, which leads to a subsequent
pH drop in the plant material. However, under practical conditions, several factors
can negatively influence a successful preservation process. These factors are
associated with insufficient raw material quality and improper ensiling
management and can be summarized as follows (McDonald et al., 1991; Driehuis
& Oude Elferink, 2000; DLG, 2006):

e Low dry matter content and thus high water activity a,
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e Low content of fermentable sugars

¢ High buffering capacity

e Improper lactic acid bacteria (LAB) and/or low initial cell counts of LAB
e Lack of inhibitory substances (nitrate)

e Soil contamination during harvesting or wilting

Although awareness concerning these issues is widespread among farmers and
scientists alike, the problems with clostridial spoilage continue to persist.
Consequently, silage additives have been developed in order to compensate
unfavourable conditions in silage production, suppress growth of unwanted
microorganisms and improve silage quality (Thaysen et al., 2007). However,
according to the DLG (Deutsche Landwirtschafts-Gesellschaft), only two of these
additives are approved as being particularly effective against clostridial growth.
Probably the most effective silage additive for this purpose is based on a
mixture of nitrite and hexamethylenetetramine (Weissbach, 2004). The utilization
of nitrites against clostridia has a long tradition in curing salts for the preservation
of meat products and sausages (O Leary & Solberg, 1976). In silage, the pH
decrease induced by LAB in the early phase of fermentation causes conversion of
nitrite to nitrous gases which inhibit susceptible clostridia (Knicky, 2005; DLG,
2006). LAB, on the other hand, are not disturbed by these compounds and pH
reduction continues. Hexamethylenetetramine, the second active ingredient of the
combination, is hydrolysed during prolonged pH drop and liberates formaldehyde,
thus delivering sustained protection against clostridial proliferation, also at later
stages of the fermentation process (Lueck, 1985). Although the advantages of the
additive are evident, there are pronounced health risks associated with nitrous
gases since these compounds are highly toxic for humans and animals.
Consequently, other approaches focused on less dangerous remedies, such as
biological LAB starters. The application of selected lyophilised LAB at the onset of
ensiling ensures a high initial number of LAB and therefore supports accelerated
acidification through the conversion of plant sugars to organic acids.
Consequently, the pH decreases to inhibitory levels for clostridia. However, there
is only one commercial LAB starter available, which is attributed to have an
inhibitory effect on clostridial growth (DLG, 2006; Hrnacek, 2009). Lactic acid

starters may also be combined with other supplements such as enzymes or
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molasses, which are added to increase the availability of fermentable substrate for
the bacteria and achieve a further reduction in pH (McDonald et al., 1991;
Thaysen et al., 2007).

During recent years, research efforts were undertaken in order to further
improve the inhibitory effect of lactic acid starters against clostridia. The ability of
LAB to synthesize bacteriocins was seen as a promising character to be utilised in
silage production, as the method was already demonstrated to be effective in
cheese and meat production (Okereke & Montville, 1991; Czech, 2003; Flythe et
al., 2004; Tuerk, 2005; Tuma et al., 2008; Jones et al., 2008). However, until now,
success with bacteriocin-synthesizing LAB in this field was limited and therefore
additives on this basis have not been introduced to the market, yet. Other attempts
for the combined use of anticlostridial substances and LAB for the suppression of
clostridial growth are limited to only a few reports in the literature and did not
trigger relevant follow-up studies (Bureenok et al., 2006).

Impact of clostridiain cheese production

With increased utilization of silage as forage for Ilivestock, clostridial
contamination of raw milk became a serious problem in the production of
specialised cheeses (Heilmeier, 1988; Jonsson, 1990). The spores of clostridia
from silage are able to survive the digestive system of dairy cows and can then be
transferred to the milk via faecal contamination of udders and teats (Vissers et al.,
2006). Consequently, the presence of clostridial spores in milk not only impairs its
quality but is also a health risk for consumers. The most relevant species for the
dairy industry is C. tyrobutyricum (the Greek word “tyros” means “cheese”), which
was first isolated from spoiled cheese samples (Heilmeier, 1988). Its ability to
ferment lactate is responsible for a cheese defect called “late-blowing”, which can
be observed in hard and semi-hard cheeses such as Emmental, Grana, Gouda,
and Parmesan (Driehuis & Oude Elferink, 2000; Julien et al., 2008). As a result,
some countries with considerable production of these types of cheeses prohibited
or discouraged the feeding of silage to dairy cows. In other areas, the use of silage
additives has become mandatory in order to minimize clostridial growth in silages
(Wilkinson & Toivonen, 2003). Other countermeasures, such as milk treatment

prior to cheese production in order to separate the contaminants can help to
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minimize the problem, but are expensive and decrease milk quality for further
processing (Heilmeier, 1988).
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