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Abstract

This abstract compiles the abstracts of the individual thesis chapters.
Anaerobic acid stage fermentation of carbohydrates can generate a variety of desired or
undesired end-products. Besides physical parameters such as pH and temperature, the types of
carbohydrate being fermented influences the fermentation end-products. The results of the
current study indicate that under uncontrolled pH, microbial mixed cultures from activated
sludge and anaerobic digester sludge anaerobically produced ethanol from glucose while
producing lactic acid from starch conversion. This trend was confirmed by batch and chemostat
trials. After shifting from glucose to starch feed or vice versa the chemostat enrichment culture
responded by shifting from ethanol to lactic acid or the reverse. Results also showed that only
25% of starch was converted to the lactic acid. The low conversion yield could be explained by
the low pH in the broth that is known to become inhibitory already at a pH of below 5.
As maltose is an intermediate sugar derived from the digestion of starch, it was tested as
a fermentation substrate and compared to glucose fermentation. Results showed that independent
of the inoculum source maltose supported lactic fermentation while glucose led to ethanolic
fermentation. The trend was confirmed in batch as well as chemostat culture. Under uncontrolled
pH, fermentation of maltose ceased with the production of small amounts of lactic acid and
acetate as the main metabolites, while fermentation of glucose continued and produced ethanol
as the main end-product. Further investigation with other disaccharides (lactose and sucrose)
showed that lactose was fermented to lactic acid and acetate as the main metabolites while
sucrose formed ethanol as the major fermentation end-product.
i

Comparative experiments showed that mixed microbial consortia and chemostat
enrichments reproducibly produced lactate from maltose fermentation and ethanol from glucose
fermentation. However, when using rumen bacteria as the inoculum, lactic acid was the key
fermentation end-product, suggesting that rumen microflora comprises larger populations of
lactic acid producing bacteria. Lactic acid accumulation in the rumen is a well-known problem
known as rumen acidosis and was investigated further in this study.
Acute ruminal acidosis can occur when pH in the rumen drops below 5.0. This condition
can completely disrupt rumen microbiota leading to the mortality of ruminants. The results of the
current study showed that acidosis could occur within 6 hours of incubation in the rumen culture
fermenting sugars or starch. Along with the formation of lactic acid, acetic acid alone or in
mixture with ethanol was found to be the reason for high acid build-up in the rumen. Acidosis
resulted even with only 20% of a normal daily feed load for all soluble and non-soluble
carbohydrates. DNA-based microbial analysis revealed that Prevotella was the dominant species
present in the rumen fluid, which is considered as the main lactic acid producing bacteria.
The phenomenon of acidosis comprises at least two components, a dramatic drop in pH
and the over-production of lactic acid. Two approaches can be used to ameliorate the effects, the
addition of pH buffering or neutralizing species, or the addition of active microbial cultures that
can degrade lactate at a rate that reduces lactate accumulation. The former can be harmful to the
animal when the buffering is locally too concentrated due to a lack of uniform distribution; the
latter can be costly, if produced as a pure strain. The results of the current study showed that
from rumen cultures, mixed microbial lactic acid utilizing bacteria (LUB) could be enriched and
subsequently used as a controlling agent against in vitro acidosis. The addition of liquid cultures
of LUB enrichments to a rumen culture that was producing lactic acid from fermentation of
ii

starch resulted in a reduction of lactic acid, and produced VFA with acetate and propionate as the
main metabolites. Breeding lactate utilizing bacteria (LUB) from rumen fluid that can be used as
probiotics is potentially useful for the cattle industry. This is because probiotics can be used as a
supplement to prevent lactic acidosis when ruminants are fed with readily fermentable
carbohydrates.
The results of the current study showed that the addition of concentrated cell suspensions
of LUB as probiotics to rumen cultures fermenting corn starch successfully prevented lactic acid
accumulation, and could also be used as a therapy by converting lactic acid accumulated in
rumen cultures into volatile fatty acids (VFA) with acetate and propionate as the main endproducts. The combination of concentrated cell suspensions of LUB with buffer could prevent
lactic acid accumulation, and rapidly degrade lactic acid without the use of excessive amounts of
LUB probiotics. Metagenomic sequencing analysis showed the key LUB that was enriched to
include

Bacteroides,

Acinetobacter,

Oscillospira,

Pseudomonas.
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Chapter 1
Introduction: Literature Review and Aims

1.1 Introduction to fermentation
Fermentation is a biological process in anaerobic conditions involving the biochemical
activity of microorganisms during their growth, development, reproduction, senescence, and
death (Singh et al., 1994; Powell et al., 2000; Mitchell et al., 2004). The fermentation process is
also known as a metabolic process in which complex organic materials are initially hydrolyzed to
soluble compounds which are then fermented to organic acids and alcohols via pyruvate
reduction (as illustrated in Figure 1.1) (Thaueret al., 1977; Russell and Cook, 1995). Different
types of microorganisms involved in fermentation are able to reduce pyruvate to a wide range of
metabolites (Stanbury et al., 2003). The metabolites generated from the fermentation process can
be extracted for use by humans and animals and may have a high economic value (Narayanan et
al., 2004; Kim et al., 1997).
Some typical microorganisms involved in the fermentation process include bacteria,
yeast, fungi, and protozoa (Nagaraja et al., 1992; Belanche, et al., 2012). Factors affecting the
fermentation process include temperature, pH, mixing, nature and composition of the medium, a
previous acclimation of the anaerobic culture, hydraulic retention time, and types of substrates
being fermented (Khanna et al., 2013; Appels et al., 2008; Charles et al., 2009; Jones and
Greenfield, 1982). Variations of these factors may affect the rate and type of fermentation. The
fermentation end-products generated may be considered as functions of the substrate used and
operating conditions applied (Ren et al., 1997; Thauer et al., 1977; Pipyn and Verstraete, 1981).
1

Figure 1.1: Fermentation end-products generated from the different pathways of microbial metabolism (adapted from Stanbury et al.,
2003).
2

Fermentation technology can be classified into several groups including microbial
biomass (cells) production (Lacroix and Yildirim, 2007), microbial metabolites (Robinson et al.,
2001), bioconversion (Tengerdy and Szakacs, 2003), biotransformation or modification of the
substrate (Buchholz and Seibel, 2008) and microbial enzymes (Pandey et al., 1999). The types of
fermentation are typically used to produce specific food products (e.g. fermented beverages and
dairy products) (Maragkoudakis et al., 2006; Van Iersel et a., 1999; Kourkoutas et al., 2006),
biochemicals (e.g. organic acids, biopolymers) (Sauer et al., 2008; Koutinas et al., 2014), and
biofuels (i.e. ethanol, methane and hydrogen) (Liu et al., 2006; Chu et al., 2008; Baghchehsaraee
et al., 2008). Although fermentation is considered old technology, there are still many issues that
require further research. This is because many industries which produce useful products
involving fermentation processes, such as wine, beer, yogurt, cheese, antibiotics, probiotics,
enzymes, hormones, bio-fuel and other bio-products are highly dependent on new findings and
innovation in fermentation technology to improve their commercialized products.

1.2 Factors influencing fermentation
1.2.1 pH
One of the key factors influencing the fermentation process is pH. A study by Horiuchi et
al. (2002) on glucose fermentation for the selective production of organic acids showed that
metabolites produced in the fermentor are highly dependent on the culture pH. The authors
mentioned that a change in culture pH could affect the composition of microbial populations. A
study by Hwang et al. (2004) on glucose fermentation revealed that pH is a key factor in
determining the type of fermentation, and therefore the desired fermentation end-products could
be obtained by setting up an appropriate pH in the culture.
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As fermentation of organic materials is initiated with the hydrolysis process by using
microbial enzymes, managing appropriate pH in the fermentation culture is essential for bacterial
enzyme production (McDermid et al., 1988). The enzyme activity is also dependent on the local
environmental pH to convert insoluble compounds or polymers into soluble or monomer
compounds. When the local environment pH is lower than 5.5 and higher than 7.5, the activity of
enzyme could decrease (Gibbons and MacDonald, 1961). This indicates that pH has an important
role in determining the microbial activity and population in the fermentation process.

1.2.2 Temperature
Temperature has an important role in the fermentation process. The classification of
microorganisms based on the minimum temperature at which they can grow includes
Psychrophiles (<20 oC), Mesophiles (20-45 oC) and Thermophiles (45-60 oC) (Pumphrey et al.,
1996). Controlling the temperature of fermentation is essential. This is because temperature
changes can significantly affect the fermentation rate (Tromp, A., 1984) and influence the
activity of microbes in the broth. Changes in temperature during the fermentation process can
affect enzyme activity (Szasz, G., 1974), and thereby affect the degradation of non-soluble
organic compounds to soluble organic molecules.
Torija et al. (2003) revealed that the development of Saccharomyces strains and their
performance in glucose fermentation depends to a large extent on the temperature. The authors
found that a longer lag phase and slower fermentation rate could occur when the fermentation
temperature was maintained at 15 and 20oC. Furthermore, fermentation conducted at a
temperature between 25 and 30oC had a higher fermentation rate than fermentation carried out at
a temperature below 25oC. A faster exponential phase could be reached when the fermentation
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temperature was increased from 30 to 35oC (Torija et al., 2003). However, they found that at the
temperature of 35oC the stationary phase was very short, and the decline phase occurred very
quickly. This result indicated that the viability of cells could decrease as a consequence of
increased fermentation temperature.
The production of organic acid is highly dependent on temperature. The fermentation
process carried out at a temperature lower than 30oC or higher than 42oC, produced lower
amounts of metabolites than fermentation conducted at a temperature between 30 and 35oC
(Garro et al., 2004). The study revealed that fermentation conducted at a temperature below 30oC
slowed down the growth of microorganisms.

1.2.3 Hydraulic retention time
Hydraulic retention time (HRT) is one of the fermentation factors that affect the
microbial population. Li et al. (2010) mentioned that a change in HRT can affect the growth of
microbes during the fermentation process. The authors also revealed that the production of
fermentation end-products could be maximized by optimizing the HRT. A study conducted by
Cha and Noike (1997) showed that the growth of hydrogen consumers could be minimized by
applying a short HRT in continuous fermentation systems.
Demirel and Yenigun (2004) found that the production of organic acids from the
anaerobic acid stage fermentation of dairy wastewater could be increased by decreasing the
HRT. However, a study conducted by Horiuchi et al. (2002) revealed that a change in HRT in the
anaerobic acidogenic fermentation of glucose did not affect the fermentation pattern. This
phenomenon has been studied by some researchers who found that changes in HRT may not
affect the shift of metabolic pathways in the anaerobic acidogenic fermentation of soluble
5

substrates (Fang and Yu, 2001; Fang and Yu, 2002) while it could affect the shift of fermentation
pattern in the anaerobic acidogenic fermentation of non-soluble substrates or complex organic
materials (Elefsiniotis and Oldham, 1994; Banerjee et al., 1999; Vanwonterghem et al., 2015).

1.3 Types of fermentation processes
1.3.1 Batch fermentation
Batch fermentation is a closed culture system in which no extra nutrients are added and
no effluents are removed from the digester during the fermentation process (Ghose and Tyagi,
1979). This fermentation system has an initial, limited amount of nutrients inoculated with
microorganisms. Microbial metabolism may constantly influence the change of fermentation
end-products, culture medium and biomass concentration (Chubukov et al., 2014). Batch
fermentation has been used industrially for biofuel (e.g. ethanol) (Dombek and Ingram, 1987)
and biochemical (e.g. lactic acid) (Roy et al., 1986) production. This fermentation process
normally passes through several phases which include the lag, log (exponential), stationary, and
death phase (Figure 1.2).
The lag phase is the period when there is no increase in the number of microbial cells,
and this period may be considered as an adaptation process of microorganisms to the
fermentation environment (Rolfe et al., 2012). Thatipamala et al. (1992) mentioned that the
duration of the lag phase could increase when an initial substrate concentration is increased. The
authors also mentioned that substrate inhibition is one of the key factors that could increase the
length of the lag phase when other fermentation parameters including temperature, pH and
nutrient availability are maintained at suitable levels.
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The log phase starts when the microorganisms have adapted to the new conditions of the
growth (Rolfe et al., 2012). During this period, the number of microbial cells increases
exponentially, and the growth rate remains constant even if the microbes change the medium
conditions through substrate consumption and metabolite formation (Rolfe et al., 2012). The
growth of biomass can be explained quantitatively as a doubling of cell mass number per unit of
time (Wang et al., 2015). This phase is preferred for generating microbial mass (e.g. bacterial
probiotics production) (Shihata and Shah, 2000).
The stationary phase occurs when fermentation conditions are no longer favourable for
the growth of microorganisms (Rolfe et al., 2012). This phase is preferred for obtaining
particular metabolites. This is because during this period the substrates are completely
metabolized, and the metabolites are accumulated in the broth (Islam et al., 2006). Even if the
substrate (carbon and energy source) is completely used up, it does not mean that all cells stop
growing. This is because the dying cells may undergo lysis and provide nutrients (source of
energy) to the living cells (Maier et al., 2000).
The death phase occurs when the cell mass decreases steadily due to the depletion of
energy resources and discontinuation of metabolic activity (Rolfe et al., 2012). In this phase,
cells lose their viability, which is normally indicated by a net loss of culturable cells (Maier et
al., 2009). Even if the death phase occurs exponentially, the rate of cell death is normally lower
than the rate of cell growth in the log phase (Maier et al., 2009). The growth rate in the death
phase is a negative growth rate (Monod, 1949).
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Figure 1.2: Typical microbial growth profile in fermentation process

1.3.2 Continuous fermentation
Continuous fermentation is an open culture system in which substrates and freshly
prepared medium are continuously added to the reactor and, at the same time, an equivalent
amount of fermented nutrient with microbes is removed from the reactor (Pumphreyet al., 1996).
This operation allows the rate of exponential growth in the fermentation to be maintained for
prolonged periods of time (Mutschlechner et al., 2000). The fermentation process in the
continuous system can generate a steady state condition with a constant volume of culture
(Menzel et al., 1997). Some studies have reported that higher concentration and productivity of
fermentation end-products are achieved by using continuous fermentation compared to using the
batch mode (Kim et al., 2004; Menzel et al., 1997; Richter et al., 2013).
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1.3.3 Fed-batch fermentation
Fed-batch fermentation was developed to enhance the closed batch fermentation process
(Bae and Shoda, 2004), and to maximize the production of desired end-products at the end of the
fermentation process (Parkand Fred Ramirez, 1988; Hong, 1986). The fed-batch fermentation
process is set up initially in batch mode, and then substrate and freshly prepared medium are
added to the reactor at regular intervals as the fermentation proceeds (Hong, 1986). In this
system, the volume of the fermentation culture normally increases during the fermentation
process (Birol et al., 2002). This fermentation system can be used to selectively enrich particular
types of microorganisms (Bae and Shoda, 2004; Luli and Strohl, 1990). Bae and Shoda (2004)
also revealed that fermentation conducted in a fed-batch system is more effective in enhancing
bacterial production than fermentation conducted in batch mode.

1.4 Fermentation cultures
In the fermentation industry there are two types of fermentation: pure culture and mixed
culture fermentations. The choice between pure culture and mixed culture fermentations is
governed by the complexity of the bioprocess involved, the cost, and the products expected
(Shalin et al., 2014).

1.4.1 Pure culture fermentation
Pure culture fermentations are fermentations conducted in the presence of a single type of
microorganism (Leroy and De Vuyst, 2004). Pure fermentation is carried out to obtain the endproducts from the metabolism of the specific microorganism. This type of fermentation is
normally applied in order to optimize the end-product formation from the particular conversion
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of the pure substrate fermented (Oyewole, 1990; Zhou et al., 2007). Sterile conditions are
required to avoid any microbial contaminants affecting the desired fermentation process, and
hence this process may result in costs in terms of time, money and lost productivity (Hines et al.,
2010). The pure culture fermentations should be inoculated with highly active cultures in order
to generate the fermentation end-product faster and reduce loss of product yield (Lin and Tanaka,
2006).

1.4.2 Mixed culture fermentation
Mixed culture fermentations are fermentations conducted in the presence of more than
one type of microorganism, and is considered as septic fermentation (Temudo et al., 2007). In
mixed culture fermentation, the process of fermentation is carried out with a natural or ecological
selection of microorganisms, and sterilization is not required (Kleerebezem and van Loosdrecht,
2007). Changes in substrates added and fermentation conditions may affect microbial
metabolism and could alter the fermentation pattern (Kleerebezem and van Loosdrecht, 2007).
Some examples of this type of fermentation are anaerobic digestion, and fermentations occurring
in the rumen and the human large intestine (Strobel and Russell, 1986; Glenn and Roberfroid,
1995; Macfarlane and Macfarlane, 2011).

1.5 Different applications of fermentation
1.5.1 Anaerobic digestion
Anaerobic digestion is a series of biological processes of conversion and decomposition
of complex organic matters into simpler chemical compounds by a microbial consortium in an
oxygen-free environment (Ward et al., 2008; Angelidaki and Batstone, 2010). In general,
anaerobic bacteria convert organic matter to produce biogas (e.g. methane and carbon dioxide), a
10

process used to treat organic waste and produce renewable energy. Methane, a form of renewable
energy, is a product of anaerobic digestion.
The stages in anaerobic digestion are hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. Hydrolysis is a process that converts complex insoluble organic materials (e.g.
carbohydrates, proteins and lipids) into simpler soluble compounds (e.g. sugars, amino acids and
fatty acids). The hydrolysis process is conducted by extracellular enzymes. Some parameters
affecting the hydrolysis process include particle size, substrate concentration and enzyme
activity, diffusion as well as adsorption of enzymes to particles, pH, temperature, production of
enzymes and the type of organic materials used (Appels et al., 2008). All soluble organic
compounds generated from the hydrolysis process are then converted into volatile fatty acids
(VFA) and alcohols in the acidogenesis process. The third process in anaerobic digestion is
acetogenesis when the fermentation products generated by acidogenesis are converted to acetate,
CO2 and H2 (McCarty and Mosey, 1991; Van Lier et al., 2008).
The final stage of anaerobic digestion is methanogenesis in which the products generated
from acetogenesis are converted to CH4 and CO2. Two types of methanogens responsible for
producing methane are acetoclastic methanogens (methanogens which convert acetate into
methane) (Kotsyurbenko et al., 2004) and hydrogen-consuming methanogens (Chapelle et al.,
2002). Since each stage of anaerobic digestion involves different microbes, there are different
optimum conditions for their growth and activities (Van Lier, 2008; McCarty and Mosey, 1991).
Microorganisms involved in each stage tend to be sensitive to parameters such as temperature,
pH and alkalinity, hydraulic retention time, hydrogen partial pressure and volatile fatty acid
concentration (Kim et al., 2006; Appels et al., 2008).
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1.5.2 Two-stage anaerobic digestion
In order to optimize treatment efficiency and/or to maximize the production of methane,
anaerobic digestion can be separated into two stages: hydrolysis/acidogenesis and
methanogenesis (Alkaya and Demirer, 2011; Schievano et al., 2012). Some studies have revealed
that operating anaerobic digestion in only one reactor tends to be risky as this may lead to failure
of the anaerobic digestion process (Blonskaja et al., 2003; Liu et al., 2006; Schievano et al.,
2012). Failure may occur because there are two completely different types of microorganisms
involved, acidogenic and methanogenic microorganisms, and they are grown in the same reactor.
Due to the different characteristics of and different culture required by the two types of
microorganisms (acidogenic and methanogenic microorganisms), it is difficult to maintain the
compatibility and balance of life between these different microorganisms in the same reactor
(Wang et al., 2009). Another convincing reason for two-stage anaerobic digestion is the
difference in optimum pH value between acidogenesis and methanogenesis (Ward et al., 2008),
since it is known that the optimum pH value of methanogenesis is between 6.8 and 7.2, while the
optimum pH of acidogenesis has been found to be between 5.5 and 6.5 (Yu and Fang, 2002;
Hwang et al., 2004; Kim et al., 2006).
An imbalance between acidogens and methanogens may occur in the traditional singlestage anaerobic digester. This is because methanogens are slower growing microorganisms
which would be washed out from the reactor if hydraulic retention time is short (Ghosh et al.
1995; Maspolim et al., 2015). Maspolim et al. (2015) also revealed that a prolonged retention
time in a conventional high-rate anaerobic digester is essential to support the growth of slower
growing methanogens. However, running an anaerobic digester with a prolonged retention time
and neutral pH value can inhibit the acidogenic microorganisms from generating intermediate
12

products like VFA, which are required as the main substrates for the methanogens (Ghosh, 1987;
Ghosh et al., 1995; Lin and Chang, 1999).

1.5.3 Anaerobic acid stage fermentation
Anaerobic acid stage fermentation (anaerobic acidogenic fermentation), also known as
the acidification process, is the first stage of anaerobic digestion (Zoetemeyer et al., 1982;
Rincón et al., 2008). In this stage, the soluble compounds derived from the hydrolysis process
are converted into intermediate products such as VFA and alcohol (Thauer et al., 1977; Tanaka
et al., 1986; Yu & Fang, 2002). Lin and Lay (2004) observed that one of the most crucial factors
in the anaerobic acidogenic fermentation process is pH, and its stability should be fully
maintained. Some studies also reported that the rate of acidification along with the formation of
intermediate products such as VFA and alcohol are highly dependent on temperature and pH (Yu
and Fang, 2003; Borja et al., 2005; Zhang et al., 2005).
Yu and Fang (2003) mentioned that acetate and butyrate was produced when anaerobic
acidogenic fermentation was carried out at pH between 6.0 and 7.0. Solventogenic phase
occurred at pH below 5.1. At this phase, the fermentation end-products produced are mainly
solvents such as acetone, butanol and ethanol. Yu and Fang (2003) reported that the transition
phase may occur at pH between 5.0 and 6.0 while Millat et al. (2013) mentioned that an
intermediary transition phase occurred in the range pH 5.2 < pH < 5.1. Transition phase in
anaerobic acid stage fermentation is a metabolic phase transition that is associated to cellular
adaptation of the change of pH accompanied by the changes in metabolome, proteome and
transcriptome (Millat et al., 2013; Penniston and Kana, 2018). During anaerobic acidogenesis,
the metabolic pathway may shift drastically when pH changes and the shift may affect the
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relative number of different microorganisms in the reactor (Calsamiglia et al., 2002; Khanal et
al., 2004; Zhang et al. 2005).
A study conducted by Ren et al. (2007) revealed that instability in acid stage fermentation
may occur at pH 5 due to the presence of all three types of fermentation end-products, including
butyrate, ethanol, and propionate, in the fermentation reactor. The authors added that the
fermentation types may alter from one type into another type when there is any changing of the
redox potential. A lowering in pH may significantly affect the dissociation of VFA and other
organic acids by pushing the equilibrium towards the formation of the free undissociated acids.
A lower pH may alter the free energy change of VFA producing and VFA consuming reactions.
Anaerobic oxidation of propionate and butyrate are not only limited by the lack of free energy
change but their degradation is also repressed by a pH drop in the digester. Inhibitory effects
generated from propionate and butyrate degradation to acetate may proceed to lower pH (Amani
et al. 2011). At an extreme low pH, the reaction to form acetate and propionate could be shifted
by the reaction of ethanol (Ren et al., 2007). Hwang et al. (2004) also discovered that at pH
between 5.0 and 6.0 there was a high degree of competition among ethanol, butyrate and
propionate producers, indicating that pH has a vital role in determining the type of fermentation
pattern in anaerobic acid stage fermentation (Thauer et al., 1977; Cheong and Hansen, 2006;
Hwang et al., 2004).

1.5.3.1 Lactic acid production from anaerobic acid stage fermentation
Another intermediate product that is produced during acid stage fermentation is lactic
acid (Pipyn and Verstraete, 1981). Two types of lactic acid fermentation are homolactic
fermentation and heterolactic fermentation. Homolactic fermentation occurs when two molecules
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of lactic acid are produced from the conversion of one molecule of glucose (Equation 1.1), while
heterolactic fermentation occurs when the oxidation of one mole of glucose produces a mixture
of lactic acid with another product such as acetate (Equation 1.2). Thermodynamically one mol
of lactate and one mol of ethanol can also be produced from the oxidation of one mol of glucose
during anaerobic acidogenic fermentation (Equation 1.3). When the fermentation of glucose
produced the mixture of lactate and ethanol, the type of fermentation occurred, is called
heterolactic fermentation (Equation 1.3) (Thauer et al., 1977; Pipyn and Verstraete, 1981).
A study conducted by Thomas et al. (1979) revealed that homolactic fermentation
occurred when high dilution rates with excess glucose were applied to the reactor, resulting in
about 95% of the fermented glucose being converted to lactate. However, when the dilution rate
was lowered and glucose became limited, heterolactic fermentation occurred, resulting in the
production of lactate and acetate as the main metabolites. Some studies also reported that lactic
acid tended to be formed when the anaerobic digester received a shock loading of glucose
leading to an accumulation of lactate in the digester (Pipyn and Verstraete, 1981; Zoetemeyer et
al., 1982).
C6H12O6 2CH3CHOHCOO- + 2H+
∆Go = -198.2 kJ

(1.1)

C6H12O6 + 2H2O  CH3CHOHCOO- + CH3COO- + 2H2 + HCO3- + 3H+
∆Go = -202.26

(1.2)

C6H12O6 + H2O  CH3CHOHCOO- + CH3CH2OH + HCO3- + 2H+
∆Go = -211.91 kJ

(1.3)
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1.5.3.2 Ethanol production from anaerobic acid stage fermentation
Alcoholic fermentation to produce ethanol occurs during the anaerobic acidogenesis
process (Pipyn and Verstraete, 1981; Yu and Fang, 2002). Unlike lactic acid fermentation where
2 pyruvates obtained from the oxidation of glucose are directly converted to 2 lactic acids by
utilizing the enzyme lactate dehydrogenase to oxidize 2 NADH to 2 NAD+ (Figure 1.1),in
alcoholic fermentation, 2 pyruvates are firstly converted to 2 acetaldehydes, giving off 2 carbon
dioxide, and then 2 ethanol are formed from the conversion of the 2 acetaldehydes by using the
enzyme alcohol dehydrogenase. During this process 2 NADH is also oxidized to 2 NAD+ (Figure
1.1) (Thauer et al., 1977). As mentioned in the equations 1.4-1.5, there are some possible
reactions that thermodynamically produce ethanol as the intermediate product during anaerobic
acid stage fermentation.
C6H12O6 + 2 H2O 2 CH3CH2OH + 2 HCO3- + 2 H+
∆Go = -225.36 kJ

(1.4)

C6H12O6 + 3H2O  CH3CH2OH + CH3COO- + 2H2 + 2HCO3- + 3H+
∆Go = -215.716 kJ

(1.5)

Ren et al. (2007) mentioned that during the anaerobic acidification process, ethanol type
fermentation occurred at pH lower than 4.5. Another study by Gaddy and Clausen (1992)
revealed that ethanol was produced at pH between 4.0 and 5.0. Hwang et al. (2004) found that
the production of ethanol gradually reduced when pH was lowered below 4.5. The authors also
mentioned that at pH lower than 4.5 the activity of the ethanol producers was inhibited. A study
conducted by Yu and Fang (2002) revealed that in the anaerobic acid stage fermentation of dairy
wastewater, the ethanol produced made up about 10-12% of the effluent products when pH was
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between 4.0 and 5.5, and ethanol production decreased to 4-5% of the total effluent products
when pH was between 6.0 and 6.5. Ren et al. (1997) revealed that anaerobic fermentation
operated at pH between 4 and 5 was optimum for the ethanol production pathway. However, A
study by Hwang et al. (2004) showed that the butyrate producers are dominant compared with
other microbes at pH between 4.0 and 4.5. The authors also found that there was any tendency
that butyrate producers competed with ethanol producers at pH between 4.5 and 5.0.

1.6 Aims and scopes of the thesis
1.6.1 Derivation of aims
As described above there are a number of different microbial environments in which the
outcome of the fermentation process and the accumulation of specific fermentation end-products
such as ethanol or lactic acid is critical for the success of the process. Examples were: lactic acid
food fermentation, silage, bio-ethanol production, human or animal digestive systems, acid stage
fermentation for waste fermentation and the rumen. From the existing literature, it is not clear
what exactly controls the outcome of mixed microbial fermentation. The overall aim of this
thesis is to address this knowledge gap and identify conditions that control the end-product
fermentation in mixed microbial systems. Specific aims are listed below.
1. A single simple GC method for monitoring the key fermentation end-products including
volatile fatty acids, alcohols as well as lactic acid has not been described. This work aims
to


Develop a Gas Chromatography method for lactic and volatile fatty acid analysis
of microbial fermentation samples by using a single GC injection (Chapter 2).
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2. Investigate the effect of operating conditions such as feeding regime, and the type
(solubility) of carbohydrate used and its composition on the fermentation outcome of
microbial mixed cultures (Chapter 3).
3. Addressing the previous goal revealed that the type of carbohydrates used (glucose vs.
starch) had a significant effect on end-products (lactic acid vs. ethanol) formed. Hence
the effect of sugars used (glucose vs. maltose or malt sugar) and its operating conditions
(e.g. pH, hydraulic retention time and feeding regimes) on fermentation outcomes
became worthwhile to investigate (Chapter 4).
4. Evaluate the effect of carbohydrate supply on lactic acid accumulation in the rumen, a
process known as rumen acidosis (chapter 5).
5. Finally, a biological control method against lactic acid accumulation in rumen cultures
was aimed to be developed (Chapter 6 and 7), with a view to controlling rumen acidosis
by live microbial additives.
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Chapter 2
Concurrent Lactic and Volatile Fatty Acid Analysis of
Microbial Fermentation Samples by Gas Chromatography
with Heat Pre-Treatment
Abstract
Organic acid analysis of fermentation samples can be readily achieved by gas chromatography
(GC), which detects volatile organic acids (VFA). However, lactic acid, a key fermentation acid
is non-volatile and can hence not be quantified by regular GC analysis. However the addition of
periodic acid to organic acid samples has been shown to enable lactic acid analysis by GC, as
periodic acid oxidises lactic acid to the volatile acetaldehyde. Our results show Direct GC
injection of lactic acid standards and periodic acid generated inconsistent and irreproducible
peaks, possibly due to incomplete lactic acid oxidation to acetaldehyde. The described method is
developed to improve lactic acid analysis by GC by using a heat treated derivatization pretreatment, such that it becomes independent of the retention time and temperature selection of
the GC injector. Samples containing lactic acid were amended by periodic acid and heated in a
sealed test tube at 100oC for at least 45 minutes before injecting it to the GC. Reproducible and
consistent peaks of acetaldehyde were obtained. Simultaneous determination of lactic acid,
acetone, ethanol, butanol, volatile fatty acids (VFAs) could also be accomplished by applying
this GC method, enabling precise and convenient organic acid analysis of biological samples
such as anaerobic digestion and fermentation processes.
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2.1 Introduction
Acidogenic fermentation is the initial process during anaerobic digestion of soluble
substrates. In the acid stage, complex organic materials are firstly hydrolysed to sugars, fatty
acids and amino acids by extracellular enzymes. These relatively simpler soluble products are
then fermented to volatile and non-volatile organic acids, alcohols, hydrogen and carbon dioxide
(Demirel and Yenigun, 2004; Sträuber et al., 2012). As during this process various types of
microorganisms are involved, competition between microorganisms for taking substrates may
occur resulting in dominant products generated in the culture (Sträuber et al., 2012).
Lactic acid is an organic acid generated during the acid stage fermentation process of
carbohydrate metabolism. Lactic acid is found in fermented foods such as dairy products
(yoghurt, buttermilk etc.), pickled vegetables, sourdough breads, meat products and silage and
muscle tissue. Typically fermentations of carbohydrates result in a mixture of organic acids
including volatile fatty acids (VFA) acetic, propionic and butyric acids as well as lactic acid,
ethanol, butanol and acetone. Typical environments rich in such mixtures of fermentation
products are the rumen, fermented food and biological waste conversion by anaerobic digestion
or acid stage fermentation.
As lactic acid is a key fermentation end product and of primary significance from
microorganisms to human beings, many studies and methods for quantitative determination have
been proposed (Friedemann and Graeser, 1933).Several analytical methods for the determination
of lactic acid are currently available, including enzymatic (Olson, 1962; Loomis, 1961),titration
(Friedemann and Graeser, 1933), colorimetric and spectrophotometric (Barker and Summerson,
1941; Barnett, 1951; Figenschou and Marais, 1991), potentiometric (Lupu et al., 2007), high
pressure liquid chromatography (HPLC) (Canale et al., 1984), gas chromatography (Hoffman et
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al., 1964; Playne, 1985). However, there are no suitable established methods for the
simultaneous detection of the main fermentation end-products, such as VFA, lactic acid, ethanol,
butanol, and acetone within one simple, rapid and economic analysis.
Since lactic acid is considered a non-volatile acid, determination by gas chromatography
(GC) is not as straight forward as that of other volatile fatty acids such as acetic acid, propionic
acid and butyric acid. A well-known GC method for determining lactic acid had been developed
by adding periodic acid to the samples containing lactic acid (Hoffman et al., 1964). The
principle of this method is to oxidize lactic acid to acetaldehyde by a large excess of periodic
acid added. By maintaining 100oC in the chromatograph‘s injection block, the water evaporates,
resulting in high concentration of lactic acid and periodic acid. Periodic acid oxidises lactic acid
rapidly, and the resulting acetaldehyde (Equation 2.1) elutes onto GC column (Hoffman et al.,
1964; Brotz and Schaefer, 1987).
CH3-CHOH-COOH + H5IO6 CH3-CHO + CO2 + 3H2O + HIO3

(2.1)

Two other authors described a GC based method aimed at simultaneous determination of
VFA and lactic acid in biological samples by using periodic acid (Brotz and Schaefer, 1987;
Teunissen et al., 1989). However, preliminary tests have shown that this method can result in
incomplete oxidation of lactic acid possibly due to the short reaction time of periodic acid and
lactic acid in the injector of the GC. Quite possibly the injection volume, gas flow rate and
injector temperature influences the completeness of this reaction. Further, the use of different GC
operating conditions will affect the reliability of the method.
This current method was developed to improve the detection of lactic acid in GC by
applying heat pre-treatment to the samples prior to GC injection. This is important since the
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previous methods (Brotz and Schaefer, 1987; Teunissen et al., 1989) which injected the samples
directly to the GC resulted in lower magnitude of acetaldehyde peak due to incomplete oxidation
of lactic acid to acetaldehyde. The incomplete conversion of lactic acid to acetaldehyde
subsequently causes underestimation of lactic acid in samples, poor reproducibility of peak areas
and non-linear standard curves. Thus, this current work modifies the previous periodic acid
methods (Brotz and Schaefer, 1987; Teunissen et al., 1989) of lactic acid determination via GC
such that


reproducible peak areas are obtained for varying conditions



linear correlation between lactic acid and peak area are obtained



the simultaneous detection of VFA, acetone, butanol and ethanol together with lactic acid
is viable



lactic acid can be standardly recorded for anaerobic acidogenic fermentations, anaerobic
digestion, rumen fermentation etc. without using a method in addition to the standard GC
based VFA method.

2.2 Materials and methods
2.2.1 Instrument
An Agilent 7820A gas chromatograph (GC) with auto-sampler, and flame-ionization
detector was utilized. The injection block was installed with an Agilent 11 mm rubber septum
and inlet liner with a standard split. The inlet liner used was specified as follows: an Agilent
5190-2295, low pressure drop, ultra-inert liner with glass wool and deactivation, and volume of
870 µL.A fused silica capillary column of an Altech ECONOCAP™ EC-1 was used with the
length of 30 m, inside diameter of 0.25 mm and film thickness of 0.25 µm.
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Nitrogen gas was used as the carrier gas with a flow rate of 1.2 mL/min, and at the inlet
sample was split 10:1. The injection volume was set at 0.4 µL. The run time was programmed at
11.667 min. The oven temperature was programmed as follows: initial temperature 50oC; held
for 2.0 min; temperature ramp 75oC/min to 130oC; held for 5.0 min; temperature ramp 75oC/min
to 250oC; held for 2.0 min. The injector and detector temperatures were set at 250 and 300oC
respectively. Hydrogen and air flow rates at the flame ionization detector (FID) were set at 30
and 400 mL/min, respectively. The peak area output signal was computed via integration using
the EzChrom Elite Compact software (© 2005, V.3.3.2SP2).

2.2.2 Standard solution
The ethanol, butanol, acetone, lactic acid and VFAs including acetate, propionate and
butyrate were prepared as individual stock solution containing: 85.63 mM (0.5% v/v) of ethanol,
54.641 mM (0.5% v/v) of butanol, 68.095 mM (0.5% v/v) of acetone, 25 mM of lactic acid and
25 mM of sodium acetate, 25 mM of sodium propionate and 25 mM of sodium butyrate. From
these stock solutions, desired standard individual or mixed solutions were prepared.

2.2.3 Standard curve
Standard curves for VFAs, acetone, butanol ethanol and lactic acid were calculated from
the combined responses to 5 different standard solutions, carried out as mentioned above, with
concentrations ranging from 0 to 0.5% for acetone, butanol, and ethanol; from 0 to 25 mM for
the VFAs; and from 0 to 25 mM of the lactic acid.
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2.2.4 Sample preparation
Samples were taken from anaerobic acidification process of microbial mixed culture fed
with glucose and starch (cooked rice flour) as substrates. Samples drawn from the acidification
reactor were placed in 1.5 mL Eppendorf tubes and centrifuged at 4000 rpm for 5 minutes. The
supernatants were filtered through 0.22-μm-pore-size membrane filters (Millex-GP). The filtrates
were then stored in 1.5 mL Eppendorf tubes at 4oC prior to analysis.

2.2.5 Analysis procedure
In test tube vials with screw cap, 480 µL of periodic acid (100 mM) and 300 µL of
formic acid (10%) were added to 720 µL of standard/sample. The mixture was then closed and
heated in the water bath at 100oC for 60 minutes (based on preliminary test described in result
section). After heating, the test tube was cooled at room temperature for 5 minutes, and then
placed in the fridge for 20 minutes. After cooling, the mixture in the closed test tube was mixed
using a vortex mixer for 30 seconds. The mixture was then transferred to a 1.5 ml GC vial ready
for injection into the GC.
All injections were 0.4 μL in volume and performed with a 10-μLsyringe (Agilent Auto
sampler, Ringwood, USA). The syringe was washed three times with methanol (98%) and
subsequently, three times with distilled water before and after each injection of the samples as
well as the standard solutions.
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2.2.6 Chemicals and reagents
All chemicals as well as reagents used were analytical grade. Methanol, ethanol, butanol,
acetone, formic acid, sodium acetate, were obtained from Ajax Finechem, Thermo Fisher
Scientific. Periodic acid, lactic acid, sodium propionate, sodium butyrate were from SigmaAldrich Chemical, St Lois, USA.

2.3 Results and discussion
2.3.1 Direct injection of lactic acid with periodic acid into GC
To understand the biodegradation of complex organic compounds within anaerobic
digestion process, the monitoring of the key volatile fatty acids (VFAs) (acetate, propionate and
butyrate) and alcohols (ethanol, acetone and butanol) is essential. In order to evaluate the extent
to which the described periodic acid method (Brotz and Schaefer, 1987; Teunissen et al., 1989)
can be applied to simultaneously determine lactic acid concentration in samples of anaerobic
digester liquids, a determined amount of lactic acid was added to the liquid followed by
immediate application of the periodic acid method:
1. Centrifuging of the sample to remove insoluble particles such as bacterial cells
2. Addition of periodic acid to 20 mM final concentration of lactic acid
3. Addition of 10% formic acid to acidify for VFA analysis
4. GC analysis using conditions as described above.
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As lactic acid is a non-volatile compound, lactic acid analysis using GC must be
accomplished by oxidizing it to a volatile compound that can be easily detected through the GC
method. Periodic acid can be used for lactic acid analysis using GC (Hoffman et al., 1964). By
adding periodic acid to the lactic acid solution, it can oxidize lactic acid to the acetaldehyde
(Equation 2.1) that can be easily detected using GC. Figure 2.1A clearly indicated that our
current GC operating systems can detect acetaldehyde simultaneously with the key VFAs
(acetate, propionate and butyrate) and alcohols (acetone, ethanol and butanol). However, the
peak obtained from lactic acid analysis was orders of magnitudes lower compared to
acetaldehyde of similar concentration (Figure 2.1B).

(A) Simultaneous acetaldehyde analysis with acetone, ethanol, butanol and VFA. Peaks
obtained were 17.88 mM (0.1%) of acetaldehyde (1), 13.6 mM (0.1%) of acetone (2),
17.1 mM (0.1%) of ethanol (3), 10.9 mM (0.1%) of butanol (4), 10 mM of acetate (5),
propionate (6) and butyrate (7).
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(B) Simultaneous lactic acid analysis with acetone, ethanol, butanol and VFA by adding
periodic acid without heating pre-treatment. Peaks obtained were 20 mM of lactic acid
(oxidised incompletely to acetaldehyde) (1), 13.6 mM (0.1%) of acetone (2), 17.1 mM
(0.1%) of ethanol (3), 10.9 mM (0.1%) of butanol (4), 10 mM of acetate (5), propionate
(6) and butyrate (7).

(C) Periodic acid solution only as a blank chromatogram.
Figure 2.1: Simultaneous analysis of (A) acetaldehyde with acetone, ethanol, butanol and VFA,
(B) lactic acid with acetone, ethanol, butanol and VFA by adding periodic acid without heating
pre-treatment, (C) periodic acid only (as a blank chromatogram).
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To determine the relationship between lactic acid concentrations and peak areas, a set of
standard lactic acid solutions (0-25 mmol/l) was tested. Results showed that while the correlation
between acetaldehyde concentrations and peak areas was good, very poor correlation between
the lactic acid concentrations and the peak areas was obtained (Figure 2.2). This clearly indicated
that the problem associated with lactic acid analysis using periodic acid method was due to the
incomplete oxidation of lactic acid to acetaldehyde during analysis.
As the periodic acid method has been successfully used by other researchers for lactic
acid determination in biological samples (Brotz and Schaefer, 1987; Teunissen et al., 1989), it is
presumed that our GC operating parameters that were primarily designed for volatile fatty acid
and ethanol analysis were responsible for the incomplete oxidation of lactic acid to acetaldehyde
(Figure 2.2). Possibly the temperature profile of the GC column (methods section) and/or the
injector temperature that was optimised for the separation of VFA, acetone, ethanol and butanol
was incompatible with the high temperature required for lactic acid to be oxidised to
acetaldehyde as the periodic acid method.

Note that preliminary tests using the injector

temperature of the GC recommended for the periodic acid method, led to poor separation of
alcohols, acetone and acetate.
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Figure 2.2: Standard curve of a direct injection of lactic acid solution added periodic acid
without heating pre-treatment and acetaldehyde solution from GC analysis.

2.3.2 Heat pre-treatment
To ensure consistent complete oxidation of lactic acid to acetaldehyde, a simple heat pretreatment step prior to GC analysis is applied. This was done by maintaining the mixture of
periodic acid and sample solution in the water bath at 100oC. A test was conducted to determine
the minimum required heating time which was found to be around 45 minutes (Figure2.3A),
suggesting that a default heating duration of 1 h is practical and adequate and hence
recommended in this heat pre-treatment procedure. A new set of lactic acid standard solution (125 mM) was prepared and subjected to the heat pre-treatment prior to GC analysis. Results
(Figure 2.3B) showed significant improved correlation between lactic acid concentrations and
peak areas with a coefficient of determination of 0.99.
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(B) Standard curve of lactic acid solution added periodic acid with heating pre-treatment
Figure 2.3: Effect of heating duration and lactic acid concentration on the sample containing
lactic acid added periodic acid (A), and standard curve of lactic acid solution added periodic acid
with 1 hour heating pre-treatment (B).
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While heat pre-treatment in the presence of periodic acid was shown to completely oxidize
lactic acid to acetaldehyde, it was not known if it would affect VFA and alcohol analysis. To test
the reproducibility as well as accuracy of the analysis including the 1 h heat pre-treatment step, a
standard curve from each compound was established. Injection of standard solution containing
acetone, ethanol, butanol, lactic acids and volatile fatty acids to the fused silica capillary column
of the GC, generated linear standard curves (Figure 2.4A and B) within a range of 0 - 0.5% for
acetone, ethanol and butanol, and 0 - 25 mM for lactic acid and volatile fatty acids. The
coefficient of determination (R2) for the standard curves obtained from all compounds analysed
was in general higher than 0.99. This suggests that additional heat pre-treatment step did not
hinder volatile fatty acids and alcohol analysis. Therefore simultaneous analysis of volatile fatty
acids, acetone, ethanol, butanol, and lactic acids is feasible independent of injector and column
temperature used.
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Figure 2.4: Linear relationship between the chromatogram peak area and the standard solutions
of (A) acetone, ethanol and butanol, (B) acetate, propionate, butyrate and lactic acid

The above modified method of simultaneous VFAs, alcohol and lactic acid analysis was
tested for relevant real world application using anaerobic fermentation samples. The GC
responses of lactic acid spiked samples with and without heat treatment were compared (Figure
2.5A and B), showing that heat-treatment was essential to obtain the characteristic peak of
acetaldehyde (the oxidation product from the periodic oxidation of lactic acid). Further, peak of
acetone is not a breakdown product from the sample preparation but a common microbial
fermentation product present also in the non-heat treated sample (Figure 2.5A and B).
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(A) Chromatogram from sample added periodic acid with heating pre-treatment. Peaks
obtained were lactic acid (1), acetone (2), ethanol (3), butanol (4), acetate (5),
propionate (6) and butyrate (7).

(B) Chromatogram from sample added periodic acid without heating pre-treatment. Peaks
obtained were lactic acid (1), acetone (2), ethanol (3), butanol (4), acetate (5), propionate
(6) and butyrate (7)
Figure 2.5: The difference of chromatogram readings between sample added periodic acid with
heating pre-treatment (A), and sample added periodic acid without heating pre-treatment (B).
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Direct injection of sample containing lactic acid onto the GC column was found to be the
main problem of the irreproducible acetaldehyde peak in the chromatogram. It happened due to
the incomplete oxidation of lactic acid to acetaldehyde (Figure2.1B, and 2.5B). The same
problem was also identified by a previous study (Savory and Kaplan, 1966) that used ceric
sulphate as oxidizing agent to oxidize lactic acid to acetaldehyde showing that direct injection of
samples can generate inconsistent peaks of acetaldehyde. Preheating to 37oC (Savory and
Kaplan, 1966) or 60oC (Long, 1946) has helped overcoming this problem. Using the ceric
sulphate conversion of lactic acid to acetaldehyde was described to interfere with the detection of
other compounds, namely ethanol and α-hydroxyl butyric acid (Savory and Kaplan, 1966; Long,
1946), and is hence not suitable for the simultaneous analysis of VFA, alcohols and lactic acid.
From the specific reaction mechanism of periodic acid an oxidative cleavage of two
vicinal (adjacent) functional groups, glycerol (fat hydrolysis product) is split by periodic acid
resulting in formaldehyde as the end product, which does not interfere with the GC analysis
described here. The generation of acetaldehyde from periodic acid oxidation is theoretically and
practically only feasible from propylene glycol, which is not a fermentation product (White et
al., 1974; Dryhurst, 2015). Hence for the analysis of fermentation end products the test is
specific to lactic acid.
To analyse VFA from the samples of anaerobic digestion as well as acid stage
fermentation processes, researchers typically use GC (Hong and Haiyun, 2010; Jiang et al., 2013;
Shin et al., 2010). To determine lactic acid in food fermentation trials, next to GC analysis for
volatile fatty acids, a HPLC is used for lactic analysis (Bo and Pin-jing, 2014; Bo et al., 2007;
Liang et al., 2015; RedCorn and Engelberth, 2016). The described method would provide a
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simpler and more economic way of carrying out routine analysis in the waste industry as well as
for rumen digestion trials were lactic acid production needs to be controlled (rumen acidosis).

2.4 Conclusion
In conclusion, lactic acid analysis using GC method can be improved by applying heat
pre-treatment in the closed vessels. Simultaneous determination of lactic acid, acetone, ethanol,
butanol and VFAs in acid stage fermentation samples can be accomplished by adding periodic
acid and formic acid and applying heat pre-treatment in the closed test tubes at 100oC for 1 h of
incubation.
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Chapter 3
Ethanol versus Lactic Acid Production is determined by the
Type of Carbohydrate Used

Abstract
Anaerobic acidogenic fermentation of carbohydrates can generate a variety of desired or
undesired end-products. Besides physical parameters such as pH and temperature, the types of
carbohydrate being fermented influences the fermentation end-products. The results of the
current study indicate that under uncontrolled pH, microbial mixed cultures from activated
sludge and anaerobic digester sludge anaerobically produced ethanol from glucose while
producing lactic acid from starch conversion. This trend was confirmed by batch and chemostat
trials. After shifting from glucose to starch feed or vice versa the chemostat enrichment culture
responded by shifting from ethanol to lactic acid to the reverse. Results suggest that starch
hydrolysis is carried out by lactic acid producing consortia and that the soluble sugars released
from starch hydrolysis do not become available as a substrate for ethanol-producing microbes
such as yeasts. This finding is significant for fermentation industries and organic waste
management industries in which glucose-containing wastewater could be used as a cheap
substrate for ethanol production, while starch-containing waste products can be used as a
feedstock for the production of lactic acid as a precursor for bioplastic production.
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3.1 Introduction
Anaerobic acidogenic conversion of carbohydrates is important in a number of different
industries, for example, the production of alcohols and organic acids, and food waste conversion
to bioenergy and bio-products (Parawira et al., 2004). The formation of end-products generated
from the anaerobic acidogenic fermentation of carbohydrates is highly dependent on factors such
as the microorganisms present in the fermentation reaction, the types of a substrate being
fermented, and the environmental conditions applied such as temperature and alkalinity (Hwang
et al., 2004; Kim et al., 2006). The carbohydrates in our daily meals typically consist of starch
such as in rice, wheat and potato, and soluble sugars such as glucose and fructose in fruit.
Knowledge about the effect of the type of sugar versus starch on the outcome of microbial
fermentations can hence be potentially useful for industrial fermentation as well as human and/or
animal digestive systems (Strobel and Russell, 1986; Macfarlane and Macfarlane, 2011).
The food wastes (FW) are considered as the main contributors for municipal solid wastes
in the developed as well as developing worlds, and they reflect a challenge regarding disposal
problems. Since FW typically contains a significant amount of carbon and high moisture content,
some biological waste treatment technologies can be applied to deal with the issues. The
biological conversion of FW can be done by either composting or anaerobic processes. Because
of the costs of oxygen transfer, odour emission and other problems, anaerobic digestion is the
preferred process for food waste conversion. Anaerobic digestion can be carried out as a single
step process but for food waste conversion an acid stage step is typically used before the
anaerobic digestion step (Liu et al., 2006; Bo et al., 2014).
Since FW contains a significant amount of polysaccharides including starch and certain
oligosaccharides (Ohkouchi and Inoue, 2006), it can be a promising raw material for producing
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valuable products (bioenergy and bio-products) via fermentation process (Zhang et al., 2014).
Anaerobic acidogenic fermentation can produce organic acids, alcohols and hydrogen gas as
typical fermentation products (Panichnumsin et al., 2012; Zhang et al., 2014). Some of these
products are considered useful for the subsequent anaerobic digestion while others (e.g.
propionic acid) are less desired (Ren et al., 1997; Hwang et al., 2004). However, fermentation
end products from anaerobic acidogenic fermentation of food waste carbohydrates can also be
useful end products in their own right, for example ethanol and hydrogen as potential fuels, or
lactic acid (LA) as a precursor for bioplastic production (Datta and Henry, 2006; Lianget al.,
2015; RedCorn and Engelberth, 2016).
In anaerobic acidogenic fermentation, insoluble organic materials are firstly converted to
soluble substances such as sugars, amino acids and fatty acids via hydrolysis process. This
process is carried out and accelerated by extracellular enzymes (Valaškova and Baldrian, 2006).
The major end products generated from the anaerobic acidogenic fermentation are volatile fatty
acids (VFA) and gases (e.g. hydrogen and carbon dioxide) (Ahringet al., 1995; Lin and Chang,
1999; Yu and Fang, 2002). Two further types of metabolic pathways that can occur in anaerobic
acidogenic fermentation include alcohols and organic acids (Thauer et al., 1977). Lactic acid is
an intermediate product generated from acid stage fermentation where 2 mol of lactic acid can be
formed from 1 mol of glucose. Fermentation of 1 mol glucose also could produce 2 mol of
ethanol.
Since both ethanol and lactic acid are valuable products that can be generated from
fermentation of carbohydrates, exploring conditions that favour the production of either of the
product is of potential industrial significance. For example the development of ethanol producers
during lactic acid production (Gobbetti et al., 1994), and the contamination of ethanolic
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fermentations by lactic acid bacteria are well known problems in the industry (Makanjuola et al.,
1992; Bayrock and Ingledew, 2004). Thus, the questions addressed in this study are clearly
relevant for processes such as anaerobic acidogenic fermentation of wastes, dairy fermentation,
technical (industrial) lactic acid or ethanol production, and food and beverage fermentations.
The aim of the current paper is to study the effect of operating conditions and
carbohydrate composition on the fermentation end products in both batch and chemostat trials
using generic aerobic (activated sludge) and anaerobic (anaerobic sewage sludge digester) under
uncontrolled pH.

3.2 Materials and methods
3.2.1 Anaerobic inocula
The inocula used for this experiment were anaerobic digestion and activated sludge
derived from the Woodman Point and Subiaco Wastewater Treatment Plant in Perth city,
Western Australia. These inocula were stored in the fridge at 4oC prior to the experiments.

3.2.2 Medium composition
Each substrate loaded into the reactor was mixed with the medium solution. The medium
solution used was composed of 125 mg/L NaHCO3, 44 mg/L KH2PO4, 160 mg/L NH4Cl, 25
mg/L MgSO4.7H2O and 1 g/LBacto-yeast extract, 1 g/L Bacto-peptone, 1.25 ml/L of trace
element solution, which contained (g/L): ethylene-diamine-tetra-acetic acid (EDTA) 15,
ZnSO4.7H2O 0.43, CoCl2.6H2O 0.24, MnCl2.4H2O 0.99, CuSO4.5H2O 0.25, NaMoO4.2H2O
0.22, NiCl2.6H2O 0.19, NaSeO4.10H2O 0.21, H3BO4 0.014 and NaWO4.2H2O 0.050.
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3.2.3 Reactor operation and experimental procedures
3.2.3.1 Batch experiment
For batch tests, reactors with 80 mL working volume were used as anaerobic completely
mixed batch reactors. The reactors were sealed tightly with rubber stoppers fitted with sample
ports. Prior to closing the sample port and running the process, each reactor was purged with the
nitrogen gas for 5 minutes to get rid of traces of oxygen. During the process, pH was not
controlled. The temperature was maintained at 36 ± 0.5oC, and the reactor was completely mixed
using magnetic stirrer at a constant 100 rpm. The temperature and mixing speed were also
applied to all the subsequent experiments.

3.2.3.2 Investigation of glucose and starch fermentation in the microbial mixed cultures
To assess as well as compare the nature of acid stage fermentation process of glucose and
starch at microbial mixed cultures, investigations were carried out in batch tests using both
anaerobic and aerobic inocula. Two reactors inoculated with 10% (v/v) anaerobic sludge, were
added with 40 g/L of starch and 40 g/L of glucose (222 mM glucose equivalent). Other two
reactors inoculated with 10% (v/v) activated sludge, were also added with 40 g/L of starch and
40 g/L of glucose. The starch used for all tests in this study was a boiled rice flour starch.
Calculation of the end product results was based on the glucose equivalent of starch as each gram
of starch theoretically can be converted into 1.11 gram of glucose (Li et al., 2015).

3.2.3.3 Investigation of the mixtures of glucose and starch fermentation
To evaluate the effects of different composition of starch and glucose on the organic end
product formation, fermentation of the mixtures of glucose and starch was carried out in batch
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system. In this test, each reactor was inoculated with 10% anaerobic sludge. The first reactor was
added with the mixture of 50% glucose (20 g/L) and 50% starch (20 g/L), and the second reactor
was loaded with the mixture of 75% glucose (30 g/L) and 25% starch (10 g/L). The total
carbohydrate concentration applied in was 40 g/L (222 mM glucose equivalent).

3.2.3.4 Chemostat system
Two cylindrical 300 mL computer controlled glass reactors were used for the chemostat
system. The total working volume of each reactor was 200 mL. The dimensions of each reactor
were 9.5 cm height and 6 cm diameter. ORP and pH probes were installed to the reactors. The
data measured was recorded into a spreadsheet using a LabJack U12 data acquisition card and
the process control software LabVIEW™ (version7.1 National Instrument). Feeding and wasting
was set up based on the feeding type applied using peristaltic pump (Master Flex, Console Drive,
Model 77201-62, Cole-Parmer Instrument Company), meaning that feeding as well as wasting
was carried out at the same time once the conditions of the culture meet the particular logic
applied in the computer program (Figure 3.1).

Figure 3.1: Schematic diagram of the operated chemostat reactors
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3.2.3.5 Chemostat process on the anaerobic acidogenic fermentation of starch and glucose
Two identical reactors were operated in the chemostat system for the anaerobic acid stage
fermentation process with hydraulic retention time (HRT) of 4 days. The first reactor was fed
with every 6 hours, and the second reactor was fed continuously with the total flow rate of each
reactor at 50 mL/day. The main substrate used for starch fermentation in the chemostat system
was starch with the concentration of 40 g/L. Medium solution along with a 10% anaerobic sludge
as inoculum was used for enhancing the start-up process. During this process, pH of culture was
not maintained at a specific value, and thus no alkaline as well as acid solution was used.
Uncontrolled pH was also applied to all the subsequent experiments.
For glucose fermentation in chemostat, the first step carried out was to feed each reactor
with 100 g/L glucose along with medium solution. Then, the experiment was repeated by
reducing glucose concentration to 5 g/L in order to confirm whether the same trends also
occurred at the low feed glucose concentration.

3.2.3.6 Investigation of the swapped feeding method in the chemostat
Effects of changing substrates feeding on the on-going anaerobic acidogenic fermentation
of glucose and starch were investigated via chemostat tests. Two identical reactors were run at
chemostat system with hydraulic retention time (HRT) of 4 days. Total flow rate of each reactor
was 50 mL/day. The first step, reactor 1 was fed with 100% starch (40 g/L), and reactor 2 was
fed with the mixture of a 50% starch (20 g/L) and 50% glucose (20 g/L). After two cycle of
HRT, reactor 1 was loaded with 100% glucose (40 g/L), and reactor 2 was fed with 100% starch
(40 g/L). Then, after the next 2 cycle of HRT, reactor 1 was fed again with 100% starch (40 g/L),
and reactor 2 was fed with 100% glucose (40 g/L).
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3.2.4 Analytical methods
Samples taken on a daily basis were immediately centrifuged at 4000rpm for 5 minutes.
The supernatants were then filtrated through a Millex GP with filter unit 0.22 µm Millipore
express PES membranes, 150 psi (10 bars) of housing limit. The supernatants were transferred
into 1.5 mL Eppendorf tubes and stored at 4oC prior to analysis (Ye et al., 1996; Milinovich et
al., 2008). The acid stage fermentation product composition including VFAs (acetate, propionate,
and butyrate), acetone, ethanol, butanol and lactic acid was analysed by gas chromatography. In
a vial test tube with screw cap, 480 µL of periodic acid (100 mM) and 300 µL of formic acid
(10%) were added to 720 µL of standard/sample. The mixture was then closed and heated in the
water bath at 100oC for 60 minutes. After heating, the test tube was cooled at room temperature
for 5 minutes and then placed in the fridge for 20 minutes. After cooling, the mixture in the
closed test tube was mixed using a vortex mixer for 30 seconds. The mixture was then
transferred to a 1.5 ml GC vial ready for injection into the GC (Darwin et al., 2018a).
An Agilent 7820A gas chromatograph (GC) with auto-sampler and flame-ionization
detector was utilized. The injection block was installed with an Agilent 11 mm rubber septum
and inlet liner with a standard split. The inlet liner used was specified as follows: an Agilent
5190-2295, low-pressure drop, ultra-inert liner with glass wool and deactivation, and volume of
870 µL.A fused silica capillary column of an Altech ECONOCAP™ EC-1 was used with the
length of 30 m, inside diameter of 0.25 mm and a film thickness of 0.25 µm. Nitrogen gas was
used as the carrier gas with a flow rate of 1.2 mL/min, and at the inlet, the sample was split 10:1.
The injection volume was set at 0.4 µL. The run time was programmed at 11.667 min. The oven
temperature was set as follows: initial temperature 50oC; held for 2 min; temperature ramp
75oC/min to 130oC; held for 5.0 min; temperature ramp 75oC/min to 250oC; held for 2 min.
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3.3 Results and discussion
3.3.1 Characteristics of glucose and starch fermentation by microbial mixed cultures
In order to test to what extent the type of carbohydrate influences the behavior of mixed
microbial activities, two types of carbohydrates, sugar (glucose) and starch was added to
anaerobic and aerobic sludge biomass, respectively (Figure 3.2). For both microbial cultures the
main end-product from glucose fermentation was ethanol, while starch fermentation led to lactic
acid as the main fermentation end-product. Because of the relatively low buffer capacity of 1.5
mM NaHCO3 (as alkalinity) the pH in all cultures dropped from around 7 to 3 within 2 days of
incubation (Figure 3.2). Ethanol accumulated to up to 330 mM from glucose fermentation and
the production yield reached was 1.47 mol ethanol/mol glucose, while lactic acid never reached
more than 200 mM from starch fermentation and its conversion yield obtained was 0.8 mol/mol
glucose equivalent.
This suggested that conversion of starch was incomplete, possibly due to only partial
hydrolysis of starch or inhibition due to acidification. In batch culture, independent of the origin
of the microbial culture glucose led to ethanolic and starch to lactic fermentation. This finding is
quite different to the study by Weaver et al. (1989) revealing that glucose or starch fermentation
inoculated with faecal suspension as microbial mixed culture, produced VFAs (acetate,
propionate and butyrate) as the major end product. However, they did not measure ethanol as
well as lactic acid that could be possibly found in their tests.
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Figure 3.2: Organic end product formation in batch test from different types of carbohydrate
fermentation: (A) glucose and (B) starch inoculated with anaerobic digestion sludge, (C) glucose
and (D) starch inoculated with activated sludge. The concentration of each carbohydrate was 40
g/L (222 mM glucose equivalent).
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3.3.2 Fermentation of the mixtures of glucose and starch by microbial mixed cultures
In general substrates in food waste fermentation comprise a mixture of glucose and
starch. To evaluate whether the above described trends also occur in the mixtures, a series of
batch fermentation trials using different ratios of glucose and starch were tested (Figure 3.3A and
B). Mixtures of 50% starch and 50% glucose led to lactic acid as the main end product (57%)
with significant amounts of ethanol (30%) produced as the second most abundant end product.
The production yields obtained were 0.99 mol lactic acid/mol glucose equivalent, and 0.46 mol
ethanol/mol glucose (Figure 3.3A). A ratio of 75% glucose and 25% starch, resulted in
approximately equal amounts of lactic acid and ethanol produced, and the production yields
obtained were 1.05 mol lactic acid/mol glucose and 1.01 mol ethanol/mol glucose, which were
shown in Figure 3.3B. Results suggest that high glucose concentration in the broth stimulate
ethanol producers to produce ethanol despite the fact that lactic acid bacteria also can use
glucose to form lactic acid.
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Figure 3.3: Organic end product formation of batch digester under the different composition of
substrates inoculated with anaerobic sludge as a mixed culture: (A) 50% glucose and 50% starch,
(B) 75% glucose and 25% starch. Total carbohydrates used were 40 g/L (222 mM glucose
equivalent).

3.3.3 Chemostat tests for the anaerobic acidogenesis of starch
The results from batch test showed the tendency of lactic fermentation from starch and
ethanolic fermentation from glucose, even if the substrates were presented as mixtures. However,
in many real world carbohydrate fermenting systems, such as anaerobic digesters, acid stage
reactors, and animal digestion systems there is a continuous supply of food. In order to evaluate
the extent to which the tested substrates also stimulated the development of a stable culture in
continuously fed operation, the substrates were tested in computer controlled chemostat
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inoculated with 10% of anaerobic digester sludge. Chemostats were operated at hydraulic
retention times of 4 days and operated for 16 days to allow the development of a steady state
enrichment culture.
To evaluate whether the type of feeding regime influences the development of mixed
microbial activities during starch fermentation, continuous feeding, and 6 hourly shocks loads
was applied to the anaerobic digester inoculum (Figure 3.4). Both reactors selected primarily for
lactic acid formation, leading to acidification and pH drops from 7 to 3 (Figure 3.4). The lactic
acid production yields were 0.53 and 0.48 mol/mol glucose equivalent (0.27 and 0.25 g/g starch)
for of shock loads and continuous cultures respectively. This shows only 25% of starch was
converted to the lactic acid. The low conversion yield could be due to the low pH in the broth
that is known to become inhibitory already at a pH of around 5 (Stark and Somogyi, 1942;
Bertoft et al., 1984).
These chemostat trials reaffirmed the batch experimental results confirming that lactic
acid was the main product from starch fermentation, independent of the different type of feeding
regimes. Previous work showed that fermentation of starch produced VFA and alcohols (Guo et
al., 2008). The difference could lie in the pH control (around 4.5) used by the authors. Further,
the study also did not conduct lactic acid analysis that could possibly be present in their starch
fermentation broth as well.
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Figure 3.4: Profiles of lactic acid, ethanol, and VFA over time from anaerobic acidification of
starch in chemostat using anaerobic digestion sludge, HRT 4 day, operated in different feeding
regimes: (A) shock loads and (B) continuous. Total carbohydrates used were 40 g/L (222 mM
glucose equivalent).
3.3.4 Chemostat tests for the anaerobic acidogenesis of glucose
The results from batch test showed ethanol as the main end-product from glucose
fermentation. To investigate the effect of glucose feed on the medium term selection of
fermentative organisms computer controlled chemostats were established. Long-term glucose
fermentation was tested for different feeding regimes (continuous and 6 hourly shock loads).
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Results showed that both feeding regimes selected for the development of ethanol fermenting
microbes with ethanol representing more than 95% of end products. Despite the fact that the pH
was even lower than during lactic fermentation from starch the conversion of carbohydrate to
ethanol was more complete. Ethanol production yields were higher than for starch with about
1.57 mol ethanol/mol glucose and productivity was 523 and 400 mmol/(L d) for shock and
continuous loading respectively (Figure 3.5A and B).
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Figure 3.5: Profiles of fermentation end-products over time, operated in different feeding
regimes and concentrations: (A) shock loads and (B) continuous, fed with 100 g/L (555 mM)
glucose.
A repeat experiment with lower feed glucose (5 g/L) confirmed that glucose feed selected
for ethanol producing microbes (Figure 3.6A and B). During the process, pH in both cultures
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dropped from 7 to 3 (Figure 3.6A and B). This indicated that ethanol producers were not
suppressed by an extreme sour condition in the reactor. This is also in agreement with the study
by Arroyo-López, et al. (2009) finding that yeast as ethanol producers still can grow at low pH
between 2.8 and 3.2 as long as the cells adaptation to the media was accomplished (López et al.,
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3.3.5 Effect of glucose and starch feeding on the shift of fermentation pathway
In order to determine whether the preferred end products formed in continuous operation
was due to the long term development of a particular culture (eg. Lactic acid bacteria vs. yeasts)
or due to the carbohydrate type triggering a specific fermentation pathway, step changes in the
chemostat operation shown in Figure 3.7 were carried out. Two reactors were set up, the first
reactor was initially fed with 100% starch (40 g/L) and the second reactor initially fed with a
50% starch and 50% glucose (20 g/L each).
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As observed before, the trial initially fed with 100% starch (Figure 3.7A), resulted in
lactic acid as the major end product accounting for approximately 60% of the total identified
organic compounds. A sudden switch from starch (40 g/L) to glucose (40 g/L) feed on day 9
caused an immediate change in end product formation. Lactic acid dropped significantly from
100 to 40 mM while at the same time ethanol increased from 17 to a 108 mM (Figure 3.7A). As
depicted in Figure 3.7A, when the feed was changed back to starch only on day 17, ethanol
production immediately ceased and the fermentation pattern return to lactic acid dominated
fermentation. These results suggest that the change in feed triggers a sudden change in
metabolism rather than a gradual change in population.
In the chemostat that was initially fed with a mixture of 50% starch and 50% glucose (20
g/L each), the reactor produced a mixture of lactic acid, ethanol and acetate. Again, switches to
full starch feed and full glucose feed caused an immediate shift towards lactic or ethanolic
fermentation, respectively (Figure 3.7B). Results from this study suggest that the readily
available monosaccharide glucose is effectively used by ethanolic fermenting microbes that
possibly out-compete lactic acid bacteria, in particular at low pH values. Interestingly the trend is
reversed with starch as the feed. It is established that lactic acid bacteria are effective starch
degraders with the essential enzymes amylase (Vishnu et al., 2006) and maltase (Ehrmann and
Vogel, 1998), while many yeasts such as Saccharomyces are not effective starch degraders
(Lacerdaetal., 2005). Some previous studies also found that many types of yeast are not able to
degrade starch due to the fact that they are not able to produce extracellular amylase (Ampe et
al., 1999). The results suggest that the extracellular hydrolysis of starch initiated by lactic
bacteria does not free sugars at sufficiently high concentration in the bulk solution to become a
substrate for ethanolic producers. Hence the starch hydrolysis by bacteria must be in the
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juxtaposition between cells and insoluble starch, such that hydrolysed sugars are principally
available to the hydrolysing cells.
Some previous studies reported that lactic acid can be dominant in the undefined
microbial mixed cultures when high concentrations of an easily degradable substrate are
available (Russell and Hino, 1985; Owen et al., 1998). The authors found that once the lactic
acid is produced it will inhibit all microorganisms including ethanol and VFA producers since
lactic acid bacteria can drive the pH into an extremely low pH and suppress the growth of other
anaerobic microorganisms. However, the results of the current study revealed that ethanol
producers also can survive at an extremely low pH as long as a high amount of glucose was
available in the fermentation broth. A possible reason for differences in results obtained could be
the fact that the authors provided only low concentrations glucose (2 - 3.5 g/L) and that pH was
controlled between 4.7 to 6.7 (Russell and Hino, 1985; Owen et al.,1998).

3.4 Conclusion
The anaerobic acid stage fermentation under uncontrolled pH using natural mixed inocula
revealed that substrate containing glucose tended to form ethanol while lactic acid tended to be
formed from starch fermentation. Different feeding regimes and substrate availability (shock
load versus continuous feeding) in glucose fermentation under non-controlled pH did not affect
the ethanol production as the major end product. Shifts in feed composition from glucose to
starch and vice versa result in an immediate change of fermentation patterns. This finding is
significant for industrial fermentation systems.
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Chapter 4
Anaerobic Acidogenic fermentation of Sugars for
Biotechnological Production of Organic Acids and Ethanol

Abstract
Anaerobic acidogenic fermentation of sugars can produce some useful end-products such as
alcohol, volatile fatty acids (e.g. acetate, propionate, and butyrate) and lactic acid. The
production of end-products is highly dependent on factors such as pH, temperature, hydraulic
retention time and the type of sugar being fermented. The results of the current study indicate
that pH and hydraulic retention time play significant roles in determining the end products from
the anaerobic acidogenic fermentation of maltose and glucose. Under uncontrolled pH,
fermentation of maltose ceased with the production of small amount of lactic acid and acetate as
the main metabolites while anaerobic acidogenic fermentation of glucose continued and
produced ethanol as the main end-product. Under controlled pH, lactic acid was found to be the
dominant end-product produced from both maltose and glucose at pH 5. Acetate was the main
end-product from both maltose and glucose fermented at neutral pH (6 and 7). A short hydraulic
retention time (HRT) of 2 days induced the production of ethanol from the anaerobic acidogenic
fermentation of glucose. However, anaerobic acidogenic fermentation of maltose stopped when a
short HRT of 2 days was applied in the reactor. This finding is significant for industrial
fermentation and waste management systems, and the selective production of different types of
organic acids can be achieved by managing pH and HRT in the reactor.
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4.1 Introduction
Anaerobic digestion is an established technology that is used for the treatment or
conversion of organic waste materials into useful end-products (e.g. biogas and bio-products)
(Mata-Alvarez et al., 2000; Alkaya and Demirer, 2011). In order to improve the treatment
efficiency and/or to produce desired intermediate products, anaerobic digestion can be separated
into two stages (Alkaya and Demirer, 2011). The first stage of anaerobic digestion process is the
acidification or acidogenic phase (Zoetemeyer et al., 1982; Borja et al., 2005), which converts
the soluble organic compounds derived from the hydrolysis process into organic acids and
alcohols (Fayyaz et al., 2014). Some studies have reported that anaerobic acidification is a useful
technology for the production of bio-products with a variety of possible industrial applications
such as lactic acid, volatile fatty acids (acetic, propionic and butyric acids) and ethanol (Lund et
al., 1992; Zeikus et al., 1999; Hwang et al., 2001; Parawira et al., 2004).
Recently, anaerobic acid stage process has received much attention, and some relevant
studies have been carried out on a wide range of operational parameters such as pH, hydraulic
retention time (HRT), temperature and the type of organic materials used (Kim et al., 2006; Ren
et al., 1997; Hofvendahl and Hahn–Hägerdal, 2000; Hwang et al., 2004). A study conducted by
Yu and Fang (2002) revealed that the production of bio-products in the anaerobic acid stage
process is highly dependent on pH level. The authors mentioned that VFA (acetate, propionate,
and butyrate) and ethanol were the major metabolites from the anaerobic acid stage process.
They found that anaerobic acid stage processing of dairy wastewater produced propionate and
ethanol at pH 4.0-4.5, and produced acetate at pH 6.0-6.5.
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Currently, starch and sugar manufacturing industries are among the main producers of
polluting agro-industrial effluents posing a serious threat to surface waters (Ali et al., 2011).
Previously the grain (e.g. corn, wheat, rice, barley) products industry produced only starch such
as white flour. Nowadays, most of the starch industries are operated on a large scale, and they
produce not only starch but also sugars (e.g. glucose and maltose) (Wagner, 1911; Harada,
1984). Recently, starch processing industries have paid more attention to environmental
problems caused by the high volume of waste and by-products generated in their industry (Zhang
et al., 2011). The wastes and by-products generated could lead to intolerable environmental
conditions, and therefore a feasible waste management technology is required to solve the
problem.
Wastewater from the starch processing industry contains high concentrations of soluble
(e.g. glucose and maltose) and non-soluble carbohydrates (e.g. starch), which make anaerobic
biological decomposition a feasible solution (Kwong and Fang, 1996). Some studies have been
conducted on the anaerobic digestion of starch processing wastes for the purpose of achieving
effective waste stabilization and biogas production (Saravanane et al., 2001; Colin et al., 2007).
Anaerobic acid stage process technology is an alternative practical and economical waste
management method for treating starchy wastewater. The technology is an effective recovery
method that produces useful intermediate products such as alcohol and organic acids (Ren et al.,
1997; Panichnumsin et al., 2012).
A study conducted by Alkaya and Demirer (2011) revealed that HRT and pH have a
significant influence on the production of bio-products from anaerobic acidification of sugar
wastewater. The authors reported that VFA was produced by setting up a short HRT of 2 days
and pH value of 5.7-6.8. Another study conducted by Horiuchi et al. (2002) on anaerobic
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acidogenic fermentation of glucose using anaerobic sludge revealed that selective production of
organic acids was achieved by shifting operational parameters such as pH and HRT. However,
research on the anaerobic acidogenic fermentation of wastewater containing maltose has been
relatively deficient.
A study conducted by Lee at al. (2003) revealed that anaerobic acidification of starch
processing wastewater produced acetic acid as the main end-product. In their study, the
researchers maintained pH at 5.9, and the starch conversion obtained was 75%. The previous
work (Chapter 3) also showed that anaerobic acidification of starch wastewater produced lactic
acid as the main end-product. However, only 25% of the starch was converted to lactic acid. In
that study (reported in Chapter 3), pH was not controlled during the anaerobic acidification
process and the pH dropped from 7.0 to 3.0.The conversion of starch to the end-products may
have been inhibited by the acidic condition. As maltose is an intermediate sugar derived from the
digestion of starch, it was hypothesized that anaerobic acidification of maltose to form endproducts would also be inhibited by an acidic environment.
To further investigate why starch cannot be fully converted during the anaerobic
acidification process at low pH (<5.0), the current study aimed to determine the influence of
operational conditions, including pH, HRT and feeding regimes, on the anaerobic acidogenic
fermentation of maltose using anaerobic and activated sludge. Anaerobic acidogenic
fermentation of glucose was also covered in this study as a comparison since maltose is a
disaccharide which contains two molecules of glucose.
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4.2 Material and methods
4.2.1 Inocula used
Three inocula used for this experiment were anaerobic digestion sludge, activated sludge
and infant faecal suspension. The anaerobic digestion and activated sludge were taken from the
Woodman Point and Subiaco Wastewater Treatment Plant (Western Australia). Faecal sample
was obtained from a 9-month-old baby. All inocula were stored at 4oC until used.

4.2.2 Medium composition and substrates used
Each substrate loaded into the reactor was mixed with the medium solution. The medium
solution used was composed of 125 mg/l NaHCO3, 44 mg/l KH2PO4, 160 mg/l NH4Cl, 25 mg/l
MgSO4.7H2O and 1 g/l Bacto-yeast extract, 1 g/l Bacto-peptone, 1.25 ml/l of trace element
solution, which contained (g/l): ethylene-diamine-tetra-acetic acid (EDTA) 15, ZnSO4.7H2O
0.43, CoCl2.6H2O 0.24, MnCl2.4H2O 0.99, CuSO4.5H2O 0.25, NaMoO4.2H2O 0.22, NiCl2.6H2O
0.19, NaSeO4.10H2O 0.21, H3BO4 0.014 and NaWO4.2H2O 0.050. The substrates used for this
research were sugars including D(+)-glucose anhydrous (VWR BDH Prolabo Chemiscals) and
D(+)-maltose monohydrate (VWR BDH Prolabo Chemiscals).

4.2.3 Batch experiments
4.2.3.1 Fermentation under uncontrolled pH
These tests were performed in 100 mL reactors (80 mL working volume). The
experiment was performed using 10% of inoculum (anaerobic sludge, activated sludge and infant
faecal suspension), and 40 g/L (111 mM) of maltose or 40 g/L (222 mM) of glucose in medium
solution. After the contents were introduced, the reactors were tightly sealed with rubber
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stoppers. The temperature was maintained at 36 ± 0.5oC, and the reactor was agitated using a
magnetic stirrer at a constant 100 rpm. The temperature, mixing speed and inoculum
concentration used in this test were also applied to the subsequent experiments. Prior to
operating the anaerobic acid stage process, nitrogen gas was fed into the reactors for 5 minutes to
get rid of oxygen traces, and this step was also applied to the other tests. A 5 mL sample was
withdrawn from the culture with a syringe once daily for analysis. The substrate and inoculum
concentrations used in this experiment were also applied to all the next experiments.

4.2.3.2 Fermentation under controlled pH
For batch tests under controlled pH (5.2 ± 0.1), reactors with 200 mL working volume
were utilized. In this experiment, pH set up was based on the study conducted by Stark and
Somogyi (1942) revealing that the optimal pH range for maltose fermentation was between 4.8
and 5.2, and thereby for this current experiment pH was maintained at 5.2 ± 0.1. For controlling
pH in the culture 4 M NaOH was added to the culture by using small peristaltic pumps (Master
Flex, Console Drive, Model 77120-62, 60 rpm, Cole-Parmer Instrument Company). The pH
control process was automatically monitored by a computer programme that set up a loop fedbatch system (feedback loop) by which alkaline was automatically added when the pH was lower
than the required pH. The pH data was recorded on a spreadsheet using a LabJack U12 data
acquisition card and the process control software LabVIEW™ (version7.1 National Instrument).
The concentration of alkaline (NaOH) solution used in this test was also applied in all the
subsequent experiments.
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4.2.4 Chemostat system
Two cylindrical 300 mL computer controlled glass reactors were used for all chemostat
tests. The total working volume of each reactor was 200 mL. The dimensions of each reactor
were 9.5 cm height and 6 cm diameter. The top of each reactor was tightly sealed with a rubber
stopper equipped with pH probe, liquid feeding, sampling and wasting tubes.
The rate of feeding and wasting was set up based on the feed type applied using a
peristaltic pump (Master Flex, Console Drive, Model 77521-57, 1-100 rpm, Cole-Parmer
Instrument Company). To keep the culture volume constant, the reactor effluent was pumped out
at the same rate as the rate of feed addition through a second channel in the pump. For
controlling pH in the reactor, the culture was titrated with an alkaline solution using small
peristaltic pumps (Master Flex, Console Drive, Model 77120-62, 60 rpm, Cole-Parmer
Instrument Company), which were automatically controlled by a computer programme by which
the alkaline solution was automatically released into the culture when its pH was lower than the
pH level programmed. The data collected were recorded in a spreadsheet using a LabJack U12
data acquisition card and the process control software LabVIEW™ (version7.1 National
Instrument).

4.2.4.1 Chemostat tests under controlled and uncontrolled pH
The two reactors were operated at the hydraulic retention time (HRT) of 4 days. Feed
(maltose and glucose) concentration was introduced at the flow rate of 50 mL/day in each
reactor. Each reactor was filled with medium solution and inoculated with 10% anaerobic sludge.
(i) Continuous feeding

61

In this trial, the reactors were fed every ten minutes under controlled pH. There were 3
phases operated in this test.
The chemostats were operated at hydraulic retention times of 4 days with two different
feeding regimes, continuous and shock load. In each trial, the experiment was divided into 3
phases, starting with operating at controlled pH of 5.2 for 8 days (two cycles of HRT) in Phase 1,
followed by uncontrolled pH for 8 days in Phase 2, and finally at controlled pH of 4.2 for 8 days
in Phase 3. In the first phase, pH in the reactor was maintained at 5.2 ± 0.1. After two cycles of
HRT, the second phase was started in which pH of each reactor was not controlled. The third
phase was operated after the next 2 cycles of HRT in which pH of each reactor was controlled
again by increasing it to 4.2 ± 0.1.

(ii) Shock load feeding
The experiment was repeated by switching the feeding regime from continuous to 6
hourly shock loads. This feeding regime also comprised three phases, with all procedures similar
to those in the continuous feeding test.

4.2.4.2 Chemostat tests under controlled pH and different HRT
To evaluate whether the anaerobic acidification of maltose had the same characteristics as
glucose under controlled pH at close to the neutral level, chemostat tests were carried out to
investigate the fermentation process of glucose and maltose under pH of 6.1 ± 0.1. In this test,
two identical reactors with 200 mL working volume were operated in the chemostat system
under controlled pH of 6.1 ± 0.1. Each reactor was filled with medium solution and inoculated
with 10% anaerobic sludge. Reactor 1 was fed with maltose, while reactor 2 was fed with
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glucose and medium solution. From day 1 to day 8 of the process, both reactors were operated
under HRT of 4 days (at the dilution rate of 0.25 day-1). From day 9 to day 16, each reactor was
run under HRT of 2 days (at the dilution rate of 0.5 day-1). The same working volume and HRT
used were also applied to the next experiment.

4.2.4.3 Chemostat process under neutral pH and different HRT
In order to evaluate whether anaerobic acidification of glucose and maltose under a
neutral condition could generate similar end-products, a chemostat test was carried out. In this
experiment, during the fermentation process culture pH was controlled at 7.1 ± 0.1. All
procedures used in this experiment were the same as those in the section 4.2.4.2.

4.2.4.4 Further investigation on batch tests with different sugars
To further investigate whether the significant differences in fermentation characteristics
between glucose and maltose is related to the size of the sugar (mono vs di-saccharide) also
fructose, lactose and sucrose were fermented using anaerobic digestion sludge. Inoculum
concentration, mixing speed and temperature used in this experiment were the same as previous
tests. The total substrate concentration used is 40 g/L (222 mM glucose equivalent).

4.2.5 Analytical methods
Liquid samples taken from the reactors were immediately centrifuged at 4000 rpm for 5
minutes. The supernatants were then filtrated through a Millex GP with filter unit 0.22 µm
Millipore Express PES membranes, 150 psi (10 bars) of housing limit. The supernatants were
transferred into 1.5 mL Eppendorf tubes and stored at 4oC prior to analysis (Ye et al., 1996;
Milinovich et al., 2008). VFAs (acetate, propionate, and butyrate), acetone, ethanol, butanol and
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lactic acid were analysed by gas chromatography. In a vial test tube with screw cap, 480 µL of
periodic acid (100 mM) and 300 µL of formic acid (10%) were added to 720 µL of
standard/sample. The mixture was then closed and heated in the water bath at 100oC for 60
minutes. After heating, the test tube was cooled at room temperature for 5 minutes and then
placed in the fridge for 20 minutes. After cooling, the mixture in the closed test tube was mixed
using a vortex mixer for 30 seconds. The mixture was then transferred to a 1.5 ml GC vial ready
for injection into the GC (Darwin et al., 2018a).
An Agilent 7820A gas chromatograph (GC) with auto-sampler and flame-ionization
detector was utilized. The injection block was installed with an Agilent 11 mm rubber septum
and inlet liner with a standard split. The inlet liner used was specified as follows: an Agilent
5190-2295, low-pressure drop, ultra-inert liner with glass wool and deactivation, and volume of
870 µL.A fused silica capillary column of an Altech ECONOCAP™ EC-1 was used with the
length of 30 m, inside diameter of 0.25 mm and a film thickness of 0.25 µm. Nitrogen gas was
used as the carrier gas with a flow rate of 1.2 mL/min, and at the inlet, the sample was split 10:1.
The injection volume was set at 0.4 µL. The run time was programmed at 11.667 min. The oven
temperature was set as follows: initial temperature 50oC; held for 2 min; temperature ramp
75oC/min to 130oC; held for 5.0 min; temperature ramp 75oC/min to 250oC; held for 2 min. The
gas composition (e.g. H2, CH4, CO2) was analysed by using the GC equipped with a TCD.
Nitrogen was used as the carrier gas with a flow rate of 10 mL/min. The temperatures of the
oven, detector, and injector were 60, 180, 100oC, respectively.
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4.3 Results and discussion
4.3.1 Anaerobic acidification in batch reactor under uncontrolled pH
In order to evaluate the characteristics of anaerobic acidification of maltose and glucose
inoculated with anaerobic and aerobic sludge, a series of batch tests was carried out. Independent
of sludge type used, under uncontrolled pH anaerobic acidification of maltose stopped when the
pH dropped below 5.0 and small amounts of lactic acid and acetate were formed as the main
metabolites (Figure 4.1A and C), while glucose was mostly converted to ethanol (310 mM)
within 3 days of incubation with the production yield of 1.4 mol ethanol/mol glucose (Figure
4.1B and D). Repeat tests by using fecal suspension as inoculum showed that under uncontrolled
pH, fermentation of glucose produced ethanol (Figure 4.1F) while maltose produced lactic acid
as the main metabolite (Figure 4.1E). The production of lactic acid from maltose fermentation
using fecal suspension never reached more than 81 mM.
Results also showed that under uncontrolled pH the production yield of maltose was
about two times lower (0.4 mol lactic acid/mol glucose equivalent) than the production yield of
starch, which was about 0.8 mol lactic acid/mol glucose equivalent (Figure 3.2). Based on the
results (Figure 3.2 and 4.1), the maximum conversion yields obtained from the fermentation of
maltose and starch were 0.7 and 0.95 mol metabolites/mol glucose equivalent, respectively. This
result suggests that under uncontrolled pH, the conversion of maltose is inhibited by low pH.
This phenomenon is also closely related to an incomplete conversion of starch under the acidic
culture. This finding is supported by studies that also report that the enzyme maltase does not
work effectively in an acidic culture, thus affecting the conversion of maltose into end-products
(McWethy and Hartman, 1979; Russell et al., 1981). These studies observed that maltase activity
was optimal when pH in the culture was maintained between 5 and 7.
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Figure 4.1: Profiles of metabolites from fermentation of: (A) maltose and (B) glucose inoculated
with anaerobic digestion sludge, (C) maltose and (D) glucose inoculated with activated sludge,
(E) maltose and (F) glucose inoculated with faecal suspension. The pH cultures were not
controlled. The total substrate concentration used in each reactor was 40 g/L (222 mM glucose
equivalent).
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4.3.2 Anaerobic acidification in batch reactor under controlled pH
Results from previous batch tests (Figure 4.1) showed that under uncontrolled pH
anaerobic acidification of glucose produced ethanol as the main end-product, while anaerobic
acidification of maltose could not be completed due to low pH (< 5.0). Previous studies (Stark
and Somogyi, 1942; McWethy and Hartman, 1979; Blair and Pigman, 1954) indicated that
maltose conversion was optimally accomplished when pH in the culture was maintained higher
than 5.0. However, these studies obtained their results from experiments using a pure culture
such as yeast (e.g. Saccharomyces cerevisiae) and bacteria (e.g. Bacillus brevis). It is unclear if
the same results would be obtained from a microbial mixed culture (anaerobic and activated
sludge) and what main end-products would be generated when pH was controlled.
Figure 4.2 shows the main end-products produced from the anaerobic acid stage of
maltose inoculated with sludge under controlled pH of 5.2 ± 0.1, the pH suggested by Stark and
Somogyi (1942) as the optimal pH range for maltose conversion to glucose. The results showed
that independent of the sludge type used the main end-product from the anaerobic acidification
of maltose and glucose was lactic acid with significant amounts of acetate produced as the
second most abundant metabolite (Figure 4.2). The results further showed that direct conversion
of maltose to end-products was achieved by maintaining pH of the culture at about 5.0, and that
once hydrolysis of maltose was accomplished, the fermentation end-products of maltose and
glucose were the same.
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Figure 4.2: Profiles of metabolites from batch digesters under pH control (5.2 ± 0.1) with
different type of sugars: (A) maltose and (B) glucose inoculated with anaerobic digestion sludge,
(C) maltose and (D) glucose inoculated with activated sludge. The total substrate concentration
used in each reactor was 40 g/L (222 mM glucose equivalent).
68

Results also showed that under controlled pH the conversion yields of maltose obtained
was about 2.01 mol metabolites/mol glucose equivalents (Figure 4.2A), which was higher than
the conversion yield of maltose (0.7 mol metabolites/mol glucose equivalents) and starch (0.95
mol metabolites/mol glucose equivalent) under uncontrolled pH (Figure 3.2B and 4.1A). The
production yields obtained from the fermentation of maltose under controlled pH were 1.4 mol
lactic acid/mol glucose equivalent and 0.6 mol acetate/mol glucose equivalent, which was about
three times higher than maltose fermentation under uncontrolled pH (Figure 4.1A). These results
suggested that maintaining pH at about 5.0 during the fermentation could significantly enhance
the conversion of maltose into end-products.
4.3.3 Chemostat tests under controlled and uncontrolled pH
The results from previous batch tests showed that under controlled pH of 5.2, lactic acid
was the main end-product from the anaerobic acidification of both maltose and glucose. To test
the extent to which the tested sugars also encouraged the development of a stable culture in the
production of fermentation end-products in continuously fed operation, the sugars (maltose and
glucose) were fed into two identical computer-controlled chemostats. The results from Phase 1
(pH controlled at 5.2 ± 0.1, day 1 to day 8) of the anaerobic acidification process affirmed the
results of the previous batch experiment. It was found that anaerobic acidification of maltose as
well as glucose under controlled pH of 5.2 ± 0.1, produced lactic acid as the main end product
from the reactors operated in both continuous and shock load feeding modes (Figure 4.3). In
Phase 2, when pH was not controlled from day 9 to day 16, anaerobic acidification of maltose
stopped while the anaerobic acidification of glucose shifted from lactic acid to ethanol
production in the continuous feeding reactor. These results imply that when pH decreases from
5.2 to 3.3, anaerobic acid stage processing of glucose favours the development of ethanol
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fermenting microbes. In this trial, ethanol represented more than 75% of the end products with
the maximum production yield of 1.48 mol ethanol/mol glucose.
In Phase 3 when pH was controlled again by increasing the pH in the reactor operated in
both the continuous and shock load feeding regimes from 3 to 4 on day 17, anaerobic
acidification of maltose still did not occur (Figure 4.3A and C). These results indicate that
maltose conversion was still obstructed at pH 4.2. However, in the anaerobic acidification of
glucose, ethanol production slightly decreased and lactic acid started to increase again in the
reactor operated under continuous and shock load feeding systems. This implies a competition in
glucose consumption between lactate and alcohol producers at about pH 4.2. As there was no
significant difference between trials using continuous feeding and shock load feeding
(Figure4.3), the results of this experiment indicate that feeding regimes have no effect on the
anaerobic acidification of sugars (maltose and glucose).
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Figure 4.3: Profiles of organic end product formation from different feeding regimes of the
anaerobic acidification of: (A) maltose and (B) glucose fed continuously, and (C) maltose and
(D) glucose fed with shock loads under different pH condition, HRT 4 days. The substrate
concentration used in each reactor was 40 g/L (222 mM glucose equivalent).
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4.3.4 Chemostat tests under neutral pH and different HRT
The results from the chemostat tests under controlled pH of 5.2 ± 0.1 showed that lactic
acid was the main end-product produced from anaerobic acidification of both maltose and
glucose (Figure 4.3). Further experiments were carried out to determine whether anaerobic
acidification of maltose still produced the same end-product as the anaerobic acidification of
glucose when pH in the reactor was set at neutral (pH 7) or close to the neutral level (pH 6).
Results showed that at pH 6.1 ± 0.1, acetate was the main end-product from the anaerobic
acidification of both maltose and glucose (Figure 4.4A and B) with significant amounts of
ethanol produced as the second most abundant end product.
Note that there was less metabolite formation in the anaerobic acidification of glucose as
some gases including hydrogen (44-86%) and carbon dioxide (12-54%) were produced, while
the gases produced from the anaerobic acidification of maltose were mainly carbon dioxide (8296%) and a small percentage of hydrogen (3-13%). These results are quite different from the
study carried out by Horiuchi et al. (2002) which discovered that butyrate was the main endproduct and acetate the second most abundant from the anaerobic acidification of glucose under
pH 6.0. It is possible that the difference occurred due to the glucose concentration (8 g/L) used in
their study, which was five times lower than the glucose concentration (40 g/L) used in the
current study (Figure 4.4B).
When HRT was reduced from 4 to 2 days, anaerobic acidification of glucose shifted from
the production of acetate to ethanol as the main end-product (Figure 4.4B). This phenomenon
indicated that an increase in glucose loading rate spurred the ethanol producers to dominate the
fermentation process. This condition was however not observed in the trial fed with maltose. The
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continuous fermentation of maltose at short HRT of 2 days resulted in the fermentation process
stopping.
Repeat tests on the continuous anaerobic acidification of maltose and glucose under
controlled pH of 7.1 ± 0.1 showed that both maltose and glucose produced acetate as the
dominant end product (Figure 4.4C and D), which was quite similar to the acidification process
of these sugars under controlled pH of 6.1± 0.1 (Figure4.4A and B). This result indicated that at
neutral pH, hydrolysis of maltose was achieved with a similar fermentation pattern (acetate-type
fermentation) apparently occur in the anaerobic acidification of maltose and glucose. This result
concurs with that from a study conducted by Zhang et al. (2015) which found that acetate was
the dominant end-product when glucose was fermented in mixed microbial cultures under pH 7.
Their study used thermophilic temperature which was 55oC while this study used mesophilic
temperature (36 ± 0.5oC).Another difference is that the Zhang et al (2015) study did not compare
anaerobic acidification of glucose with maltose.
The results also showed that when HRT was reduced from 4 to 2 days, anaerobic
acidification of glucose changed from the production of acetate to ethanol as the dominant
product (Figure 4.4D). However, changing HRT from 4 to 2 days under pH 7 caused the
anaerobic acidification of maltose fermentation to stop (Figure4.4C). This indicated that HRT of
2 days was not feasible or too short for microbes to excrete maltase optimally for hydrolyzing
maltose into glucose.
Some studies reported that short HRT was the condition favoured by acid-forming
bacteria to grow and form organic acids from the anaerobic acidification of wine vinasses (Solera
et al., 2002) and sugar beet processing wastes (Alkaya and Demirer, 2011). They also revealed
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that short HRT of 2 days produced acetate as the main metabolite. However, in the case of the
anaerobic acidification of maltose, short HRT inhibited the conversion of maltose into glucose,
which could be due to the short HRT of 2 day causing wash-out and/or slowing down the growth
of microbes, and subsequently the production of bio-products from maltose fermentation could
not possibly occur.
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Figure 4.4: Profiles of metabolites from continuous anaerobic acidification of: (A) maltose and
(B) glucose under controlled pH of 6.1 ± 0.1, (C) maltose and (D) glucose under controlled pH
of 7.1 ± 0.1. The total substrate concentration used in each reactor was 40 g/L (222 mM glucose
equivalent). HRT of 4 days was applied from the 1st to 8th day of fermentation, and the HRT of 2
day was applied from day 9 to 16.
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4.3.5 Further batch tests with different sugars
To test whether the strong differences in fermentation behaviour between glucose and
maltose is related to the size of the sugar (mono vs. disaccharides) also fructose, lactose and
sucrose were tested using anaerobic digestion sludge (Figure 4.5). Results showed that fructose
and sucrose lead to ethanol formation while lactose leads to organic acid including lactic acid
production. The production yield of ethanol obtained as the main metabolite from the
fermentation of fructose was 1.0 mol ethanol/mol fructose, which was slightly lower than the
yield of glucose (1.38 mol ethanol/mol glucose) (Figure 4.1B). This result is in agreement with
the study by Mocke (2013), which mentioned that ethanol producer (yeast) prefers to use glucose
as their substrate rather than fructose. The study also revealed that during the fermentation,
glucose is consumed at a faster rate than fructose. The study added that yeasts that are left with
unconsumed fructose at the later stages of fermentation occur when the environmental stresses
happened to the yeasts, and this condition could lead to stuck and/or sluggish fermentation.
Results also showed the conversion yields of fructose (1.42 mol metabolite/mol fructose)
and glucose (1.99 mol metabolite/mol glucose) were higher than sucrose (0.80 mol
metabolite/mol glucose equivalent) and lactose (0.7 mol metabolite/mol glucose equivalent). The
results of this test also showed that fermentation of disaccharides (lactose and sucrose) produced
lower concentration of fermentation end-products compared to the fermentation of
monosaccharide (e.g. glucose and fructose) (Figure 4.1B and 4.5). These phenomena were
similar with maltose fermentation in which the low pH could inhibit the conversion of
disaccharides into organic acids. This finding is also supported by some studies reporting that
acidic environment (pH < 5) could slow down the growth of bacteria in the culture and lead to
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the inhibition of fermentation process (Fu and Mathews, 1999; Russell and Hino, 1985; Owen et
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Figure 4.5: Profiles of metabolites from fermentation of: (A) fructose, (B) sucrose and (C)
lactose inoculated with anaerobic digestion sludge. The total substrate concentration used in each
reactor was 40 g/L (222 mM glucose equivalent).
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4.4 Conclusion
The findings of the current study showed that operational parameters such as pH and
HRT had a significant role in the anaerobic acidification of maltose and glucose. Under
uncontrolled pH, anaerobic acidification of maltose differed from that of glucose with the
conversion of maltose to end-products inhibited when pH was lowered to below 5.0, while
anaerobic acidification of glucose was not inhibited at low pH. Short HRT (2 days) induced the
production of ethanol from anaerobic acidification of glucose but caused anaerobic acidification
of maltose to stop the production of organic acids. Results also confirmed that some
disaccharides such as maltose, lactose, and sucrose would not be fermented completely under an
acidic environment.
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Chapter 5
In Vitro Rumen Fermentation of Soluble and Non-Soluble
Polymeric Carbohydrates in Relation to Ruminal Acidosis

Abstract

The end products of the dietary carbohydrate fermentation catalysed by rumen microflora can
serve as the energy source for ruminants. However, continuous carbohydrate feeding to
ruminants could lead into a metabolic disorder called ―acidosis‖. This study aimed to evaluate
the fermentation pattern of both soluble and non-soluble polymeric carbohydrates in the rumen
in vitro. Results showed that acidosis could occur within 6 hours of incubation in the rumen
culture fermenting sugars and starch. Along with the formation of lactic acid, acetic acid alone or
in mixture with ethanol was found to be the reasons for high acid build-up in the rumen. Acidosis
resulted even with only 20% of a normal daily feed load for all soluble and non-soluble
carbohydrates. DNA-based microbial analysis revealed that Prevotella is the dominant species
present in the rumen fluid.
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5.1 Introduction
Rumen fermentation is a complex process carried out by different types of
microorganisms. Rumen bacteria are considered as the most important microorganisms in rumen
fermentation (Belanche et al., 2012). The type of carbohydrates consumed by the ruminants can
modify the microbial population (Fernando et al., 2010). Several types of bacteria which are
responsible for the carbohydrate fermentation in the rumen include Selenomonas ruminantium
and Streptococcus bovis, and these bacteria were considered as lactate producers (Belanche et al.,
2012).
As the end-products of carbohydrate fermentation in the rumen can significantly affect
the host health (Li et al., 2009), study on the different types of carbohydrate could be important
to evaluate metabolic changes in the rumen. The survival of microorganisms in the rumen
environment is extremely influenced by some critical components including pH and amounts of
volatile fatty acids (VFA) and lactic acid (Russell and Wilson, 1996; Qadis et al., 2014). The
decrease of pH in the rumen due to feeding large amount of fermentable carbohydrates may lead
to acidosis (Slyter, 1976; Plaizier et al., 2008; Danscher et al., 2015).
Elam (1976) revealed that lactic acid build-up occurred in the rumen once the ruminants
were fed starch-based diets such as wheat, barley, and corn. An in vitro study conducted by
Cullen et al. (1986) showed that rumen fermentation of soluble carbohydrates including
monosaccharide and disaccharides produced more lactic acid than did starch fermentation. An in
vivo study carried out by Khezri et al. (2009) found that adding sucrose to ruminant diets may
decrease rumen pH with an increase of 70% proton concentration. However, Oba (2011) found
that supplementing sugars in dairy cow diets may enhance butyrate production. Sutton (1968)
mentioned that some inconsistent results found in the rumen fermenting soluble carbohydrates
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could be because sugars were not used as the main diet for ruminants, and the rumen microbes
were not adapted to fermenting the particular sugars being fed, therefore the different
populations present may yield different products.
As fermentation of different type of carbohydrates could generate different outcomes,
studies on carbohydrate fermentation in the rumen should define the sources of starch or sugar
used (Malestein et al., 1982; Cullen et al., 1986). This is important because different types of
carbohydrates may affect different fermentation patterns in the rumen, and thus rumen acidosis
caused by feeding carbohydrates could be satisfactorily explained (Malestein et al., 1982; Cullen
et al., 1986). This present study aims to investigate in vitro rumen fermentation of various
soluble and non-soluble polymeric carbohydrates with different concentration, in relation to
rumen acidosis.

5.2 Materials and methods
5.2.1 Rumen sample
Rumen fluid was collected from a previously prepared 3-year-old cow with a surgically
created rumen fistula, fed on irrigated Kikuyu grass pasture at the School of Veterinary and Life
Science, Murdoch University, Perth, Western Australia. All procedures on the rumen fluid
collection were reviewed and approved by the animal ethics committee at Murdoch University.

5.2.2 Substrates
The substrates used for this research were sugar and starch. Sugars used were D(+)glucose anhydrous (VWR BDH Prolabo Chemicals), D(+)-maltose monohydrate (VWR BDH
Prolabo Chemicals) and sucrose (Sigma Chemicals). Starch materials used were corn, wheat, and
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rice flour. The corn flour used in this investigation was a sweet corn flour (90.2% total solid
(TS)), which was a commercial product manufactured by the Corn Products Refining Company
under the trade name of Seagull and Sun, Corn Flour. The corn flour was untreated starch with
no preservative sold by the KonJee Trading Company, Singapore. The rice flour used in this test
was a commercial product manufactured by the Rice Product Refining Company under the trade
name of Erawan Rice Flour. The rice flour (88% TS) was untreated starch with no preservative
sold by the Erawan Marketing Co., Ltd., Bangkok, Thailand. The wheat flour used in this
research was a commercial product manufactured by the Wheat Product Refining Company
under the trade name of Black and Gold Plain Flour. The wheat flour (87% TS) was untreated
starch with no preservative sold by the Australian Asia/Pacific, Wholesalers Pty Ltd, Macquarie
Park, New South Wales.

5.2.3 Experimental design and procedures
5.2.3.1 Fermentation of soluble carbohydrates in rumen culture
This experiment was carried out in a series of batch trials. The first test was conducted
using a concentration of 100 g/L of the different sugars. Four batch digesters were filled with 80
mL of fresh rumen fluid. The first, second and third digesters had glucose, maltose and sucrose
added, respectively, whereas the control reactor was filled with rumen fluid only. The
temperature was maintained at 39 ± 0.5oC. The batch reactors with 80 mL working volume of
rumen were used as anaerobic completely mixed reactors, and the reactors were continuously
stirred using a magnetic stirrer at 100 rpm. Fermentation parameters including temperature,
mixing speed and the working volume of rumen used in this test, were also applied to all the
subsequent experiments unless otherwise mentioned. Repeat tests were carried out by using 50
and 10 g/L of sugar concentration, respectively.
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5.2.3.2 Fermentation of non-soluble polymeric carbohydrates in rumen culture
All procedures used in this experiment were the same as the previous experiments using
different substrates added to rumen fluid: corn, wheat and rice flour. The test was repeated three
times for different concentrations (100, 50 and 10 g/L) of substrates.

5.2.4 Analytical methods
5.2.4.1 Fermentation end-product analysis
For fermentation end-product analysis, samples collected were immediately centrifuged
at 4000 rpm for 5 minutes. The supernatants were then filtrated through a Millex GP with filter
unit 0.22 µm Millipore express PES membranes, 150 psi (10 bars) of housing limit. The filtrates
were transferred into 1.5 mL Eppendorf tubes, and stored at 4oC prior to analysis (Ye et al.,
1996; Milinovich et al., 2008; Feria-Gervasio et al., 2014; Bao et al., 2015). The fermentation
product composition, including VFAs (acetate, propionate, and butyrate), acetone, ethanol,
butanol and lactic acid, was analysed by gas chromatography. In a vial test tube with screw cap,
480 µL of periodic acid (100 mM) and 300 µL of formic acid (10%) were added to 720 µL of
standard/sample. The mixture was then closed and heated in the water bath at 100oC for 60
minutes. After heating, the test tube was cooled at room temperature for 5 minutes and then
placed in the fridge for 20 minutes. After cooling, the mixture in the closed test tube was mixed
using a vortex mixer for 30 seconds. The mixture was then transferred to a 1.5 ml GC vial ready
for injection into the GC.
An Agilent 7820A gas chromatograph (GC) with auto-sampler, and flame-ionization
detector was utilized. The injection block was installed with an Agilent 11 mm rubber septum
and inlet liner with a standard split. The inlet liner used was specified as follows: an Agilent
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5190-2295, low pressure drop, ultra-inert liner with glass wool and deactivation, and volume of
870 µL.A fused silica capillary column of an Altech ECONOCAP™ EC-1 was used with the
length of 30 m, inside diameter of 0.25 mm and film thickness of 0.25 µm. Nitrogen gas was
used as the carrier gas with a flow rate of 1.2 mL/min and at the inlet sample was split 10:1. The
injection volume was set at 0.4 µL. The run time was programmed at 11.667 min. The oven
temperature was set as follows: initial temperature 50oC; held for 2 min; temperature ramp
75oC/min to 130oC; held for 5.0 min; temperature ramp 75oC/min to 250oC; held for 2 min.

5.2.4.2 Titration analysis
The titration analysis was conducted in order to evaluate the buffer capacity of
carbohydrates used for the rumen fermentation including sugars (glucose, maltose, and sucrose)
and starch materials (corn, wheat and rice starch). The titration was performed at room
temperature with a properly calibrated pH meter (LabChem-pH meter). All procedures in
titration analysis were based on the standard method (APHA, 2012). The analyte (sample for
titration) was placed in a beaker with a magnetic bar, and then it was continuously mixed at50
rpm. Acid titrations were conducted by using the burette filled with Hydrochloric acid (10 mM)
as a titrant solution. The titration process was started after ensuring that there were no air bubbles
and leaks in the burette. Samples of sugar and starch feeds (50 g/L) were titrated with 10 mmol/L
HCl. The volume of sample used was 25 mL. Thymol blue (0.04 % w/v) was used as pH
indicator (Kahlertet al., 2016).
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5.2.4.3 DNA analysis
DNA extraction from 1 mL of rumen fluid was performed in an amplicon free laboratory,
in a laminar flow hood using the PowerSoil DNA Isolation Kit (MO BIO, USA) according to the
manufacturer‘s instructions. The DNA was stored in the freezer (-20oC) until further analysis.
DNA was extracted and quantified using a Qubit fluorometer, and 1-ng samples were amplified
using

the

16S

ribosomal

ribonucleic

acid

(rRNA)gene

V4/5

primers

(515F:

GTGCCAGCMGCCGCGGTAA and 806R: GGACTACHVGGGTWTCTAAT) (Caporaso et al.
2010).
Specifically, a mixture of gene-specific primers and gene-specific primers tagged with
Ion Torrent-specific sequencing adaptors and barcodes was used in this analysis. The tagged and
untagged primers were mixed at a ratio of 90:10. Using this method, amplification of all samples
using 18–20 cycles was achieved; thus, minimized primer-dimer formation and allowed the
streamlined downstream

purification. Amplification was

confirmed by agarose

gel

electrophoresis, and product formation was quantified by fluorimeter. Up to 100 amplicons were
diluted to equal concentrations and adjusted to a final concentration of 60 pM. Templated Ion
Sphere Particles (ISP) were generated and loaded onto sequencing chips using an Ion Chef
(Thermofisher Scientific) and sequenced on a PGM semiconductor sequencer (Thermofisher
Scientific) for 650 cycles using a 400 bp sequencing kit yielding a modal read length of 309 bp.
Data collection and read trimming/filtering was performed using TorrentSuite 5.0 (Caporaso et
al. 2010). This method has been tested on commercial mock community DNA samples and
shows good concordance with expected results (Nagel et al., 2016).
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5.3 Results and discussion
5.3.1 Fermentation of soluble carbohydrates in rumen culture
To evaluate whether the type of soluble carbohydrate could influence the behaviour of
rumen microbial activities, three types of sugars; glucose, maltose, and sucrose were added to the
rumen culture, respectively. As depicted in Figure 5.1, the addition of 100 g/L sugar caused more
severe acidosis with permanent pH depression to lower than 4.0, which would be classified as an
acute ruminal acidosis (Owens et al., 1998). In all cases, lactic acid was the key metabolite.
Lactic acid accumulated to up to 200 mM. In contrast, the acetate concentration never reached
more than 100 mM in any of the trials involving the fermentation of soluble carbohydrates. It is
interesting to note that the addition of glucose addition led to significant ethanol formation, of
about 183.7 mM.
An in vitro study conducted by Cullen et al. (1986) showed that lactic acid accumulated
in the rumen cultures of fermenting sugars within 12 h of incubation, leading to a drop in the pH
of the rumen culture to 4.3, which is considered to be an acute acidosis (Olson, 1997; Garrett et
al., 1999). In the present study, the onset of lactic acid accumulation in the rumen culture
fermenting sugars occurred within 2 hours of incubation and resulted in a severe lactic acidosis
in which pH dropped from 5.7 to 3.5. Lactic acid build-up in this study was more rapid than that
reported by Cullen et al. (1986). Possible explanations for this difference may be that Cullen et
al. (1986) used only a quarter of the sugar concentration that the present study showed, and they
also added 30% ruminant saliva buffer and urea (0.8 g/L) at the beginning of fermentation
process to prevent the sudden accumulation of lactic acid.
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Figure 5.1: Profiles of metabolites from different type of soluble carbohydrates: (A) glucose, (B)
maltose, (C) sucrose and (D) control (rumen fluid only). The substrate concentration used was
100 g/L.
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The 50 g/L feed addition corresponds approximately to the daily feed load of a ruminant
of 50 g/L per day (Oba and Allen, 2003; Department of Primary Industries NSW, 2016;
Kashongwe et al., 2017). In all cases, a dramatic pH drop to less than 3.5 was obtained (Figure
5.2). However, it was not due to exclusively lactic acid formation. The sucrose sample resulted
in acetic acid (Figure 5.2C) and the glucose sample resulted in acetic acid and ethanol (Figure
5.2A) as the main metabolites. This result suggested that ruminal acidosis could also be initiated
with acetic acid build-up which resulted in a drop of pH in the rumen, and once the pH was low
the lactic acid build-up occurred (Figure 5.2A, B, and C).
These results agreed with an in vitro study by Sutton (1968), who found that the addition
of sucrose to rumen culture produced acetate as the main metabolite. This author found that the
sucrose fermented in the rumen produced more acetate than did glucose fermentation. This result
is quite different from that the current study in which analysis revealed that the acetate and
ethanol were the major fermentation end-products of glucose fermentation. The different results
could be attributed to a much lower sugar concentration (12.5 g/L) used in earlier study.
The low concentration of sugar in the rumen culture could also generate a lower
concentration of acid rather than added high sugar concentration, and thereby could affect the
change of microbial community in the rumen. Furthermore, the use of buffer in rumen culture
fermenting sucrose could be the reason why the previous study (Sutton, 1968) produced acetic
acid as the main metabolite, and therefore the rumen pH could be maintained between 5.9 and
6.3, which is considered as the optimum pH for VFA production in the rumen (Kolver and De
Veth, 2002). However, in this current study buffer was not added, and high concentrations of
sugars were used. Thus, a dramatic drop of pH in the rumen culture could stimulate the
production of ethanol and lactic acid.
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Some studies revealed that lactic acid was the main metabolite once soluble
carbohydrates including glucose, maltose, and sucrose were added to the rumen culture (Cullen
et al., 1986; Slyter, 1976). Results from this study showed that lactic acid was gradually formed
once pH in the rumen dropped from 6 to 4. This was clearly shown in maltose fermentation
(Figure 5.2B) in which initially acetate was produced as the main end product, and when pH was
about at 4.0 on 16 hours of incubation, lactic acid increased from 20 mM to 60 mM. This
phenomenon also occurred in sucrose fermentation in which lactic acid formation continuously
increased after pH dropped from 6.2 to 4.0 (Figure 5.2C).
It is interesting to note that at an extremely low pH (< 4.0), there were fewer fermentation
end-products made in the rumen culture. This could be seen in the global conversion obtained
from the fermentation of the tested sugars (e.g. glucose, maltose, and sucrose) at the
concentration of 50 to 100 g/L, which was only 0.3 – 0.66 mol metabolite/mol glucose
equivalent (Figure 5.1 and 5.2). Low conversion also affected the low production yield in which
the specific yield obtained was only 0.12 – 0.20 mol lactic acid/mol glucose equivalent (Figure
5.1 and 5.2). Low conversion and production yield on the rumen culture fermenting soluble
sugars occurred due to the fact that an acidic condition could slow down the activity of rumen
microbes to grow and form end-products (Oliveira et al., 2011; Franzolin and Dehority, 2010).
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Figure 5.2: Profiles of metabolites on rumen fermenting soluble carbohydrates: (A) glucose, (B)
maltose, (C) sucrose and (D) control (rumen fluid only). The substrate concentration used was 50
g/L.
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While the addition of 50 g/L of sugar is within the normal feeding level of ruminants the
sudden shock addition of a soluble sugar could represent a larger acidosis risk than that typically
obtained during animal feeding. A one-fifth dose was tested to evaluate its acidosis potential.
Results showed that 10 g/L sugar additions caused rapid lactic acid build-up (60 mM) within 6 h
(Figure 5.3). The global conversion yield obtained was about 1.5 - 2.0 mol metabolite/mol
glucose equivalent and the specific yield was about 0.93 – 0.99 mol lactic acid/mol glucose
equivalent. The global conversion and specific yields obtained from this test were higher than the
yields of the fermentation with high sugar concentration (Figure 5.2 and 5.3). Results from this
test also showed that the ruminal pH dropped from its original value of 5.7 to lower than 5 and
within 48 hours stabilized at around 5. Overall, acidosis was caused by all sugar additions.
Further, these tests showed that even with only 20% of a normal daily feed load (50 g/L per day)
acidosis was initiated by all soluble sugars (sucrose, maltose, and glucose).
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Figure 5.3: Profile of metabolites in the rumen fermentation from different type of soluble
carbohydrates: (A) glucose, (B) maltose, (C) sucrose and (D) control (rumen fluid only). The
substrate concentration used was 10 g/L.
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5.3.2 Fermentation of non-soluble polymeric carbohydrates in rumen culture
Previous tests (Figure 5.1-5.3) showed that acidosis occurred from rumen fermentation of
all sugars (glucose, maltose, and sucrose). In order to understand whether a starch addition to the
rumen could cause similar effects as sugar feeding in relation to initiation of ruminal acidosis,
rumen fermentation of non-soluble polymeric carbohydrates was carried out in vitro. Compared
with the soluble carbohydrates (Figure 5.1), the main difference observed was that much higher
concentrations of the key metabolites were formed from the polymeric carbohydrates (Figure
5.4).
Clearly, the addition of sugars (sucrose, maltose, and glucose) had rapidly resulted in
some form of inhibition. These results suggested that the low production of end-products of
sugar fermentation in rumen could be because the microbial organisms present in the rumen fluid
were not adapted to this high sugar. These results also agreed with studies conducted by
Weisbjerg et al. (1998) and Cullen et al. (1986) who reported that the rate of sugar fermentation
and the formation of fermentation end-products in the rumen can be varied depending on
whether the rumen fluid has been taken from the animals adapted to a high-sugar diet. Some
studies also report that added high sugar concentrations could inhibit the production of
fermentation end-products in the rumen (Hobson, 1965; Hobson and Summers, 1967; Hishinuma
et al., 1968). They revealed that the production of fermentation end-products by ruminal bacteria
in a continuous culture system could be increased by maintaining a low concentration of sugar in
rumen culture.

93

Figure 5.4: Profiles of metabolites from rumen culture fermenting starch: (A) corn, (B) wheat,
(C) rice and (D) control (rumen fluid only). The substrate concentration used was a 100 g/L.
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When the non-soluble polymeric carbohydrates (starch) feed concentration was applied
based on a daily normal ruminant consumption at 50 g/L, acidosis occurred in all types of starch
feed (Figure 5.6). In this condition, lactic acid was not the only metabolite formed in the rumen
culture fermenting starch; acetate was also produced as the second most abundant fermentation
end-product (150 - 190 mM) from corn and rice starch feeds (Figure 5.6A and C). Furthermore,
starch addition to the rumen culture resulted in more organic acid formation, compared to sugar
addition (Figure 5.2). The pH in the rumen culture with added starch was not as low as the pH
from the rumen culture with added sugar. This could be attributed to the buffer effect of starch
whereby starch may have about twice the buffer capacity than sugars (Figure 5.5).
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Figure 5.5: Titration curves from different substrates. Each substrate concentration used was 50
g/L. Acid used was 10 mmol/L HCl.
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Figure 5.6: Profiles of metabolites from rumen culture fermenting starch: (A) corn, (B) wheat,
(C) rice and (D) control (rumen fluid only). The substrate concentration used was 50 g/L.
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A repeat test with one-fifth of the concentration showed that 10 g/L starch added to the
rumen culture still resulted in acidosis. Acetate was the major end product produced within 6hour incubation, while the onset of lactic acid occurred after 8-hour incubation (Figure 5.7).
These results agreed with an in vivo study by Crichlow and Chaplin(1985)revealing that lactic
acid accumulation in the rumen fermenting starch occurred within 8-hour fermentation process
with a drop of pH to lower than 5.0.
Results from this experiment indicated that sub ruminal acidosis (SARA) may occur
when VFA, mainly acetate, accumulates as a result of starch carbohydrate addition to the rumen
culture (Figure 5.7). Since acetate accumulation also can generate acidity in the rumen culture,
this condition may lead to marginal or developing ruminal acidosis (pH <5.7) (Olson, 1997;
Garrett et al., 1999; Gozho et al., 2007; Danscher et al., 2015). Once the marginal acidosis
occurs, an acidic condition in the rumen culture may induce lactic acid producers to form lactic
acid as the main metabolite, and therefore this condition may disrupt completely the rumen
microbiota (Lettat et al., 2012).
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Figure 5.7: Profiles of metabolites from rumen culture fermenting starch: (A) corn, (B) wheat,
(C) rice and (D) control (rumen fluid only). The substrate concentration used was 10 g/L.
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5.3.3 Microbial community in rumen
Results from this current study showed that acidosis tended to occur from the rumen
fermentation of soluble and non-soluble carbohydrates. This is possible because some microbial
communities present in the rumen consist of lactate producers such as Prevotella, Selenomonas,
Ruminococcus and Streptococcus (Figure 5.8) (Nagaraja and Taylor, 1987; Janssen et al., 1995;
Somkuti and Steinberg, 2003; Guss et al., 2011; Belanche et al., 2012). These species can utilise
carbohydrates as an energy source to form lactic acid as the main metabolite (Guss et al., 2011;
Belanche et al., 2012).
The results from the metagenomic sequencing analysis showed that Prevotella was the
dominant bacterial genus present in the rumen fluid sample (Figure 5.8). This finding is
supported by a study conducted by Hernandez et al. (2008) on the characterization of lactic acid
producing bacteria from the rumen of dairy cattle grazing on an improved pasture supplemented
with wheat and barley grain, which had found that Prevotella was the bacterial genus that
produced lactic acid. They mentioned that the species of Prevotella bryantii was the lactate
producing bacteria present in the rumen, and it grew rapidly once starch-based feed was given to
the ruminants.
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Figure 5.8: Relative abundance of microbial community at genus-level taxonomy from rumen
fluid. Family level with high percentage (≥ 3%) was included as unclassified category with
family level. others are included in the ‗‗other‖ category, which also includes some microbes that
could not be classified at the genus level.

5.4 Conclusion
This study reveals that fermentation of sugars and starch in rumen culture can cause pH
depression leading to acidosis. Ruminal acidosis is not always caused by lactic acid
accumulation, as acetate and ethanol could also accumulate in the rumen culture fermenting
sugars (sucrose and glucose). Low buffer capacity of sugar feeds resulted in greater pH
depressions in comparison to starch feeds.
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Chapter 6
Enrichments of Anaerobic of Lactic Acid Utilising Bacteria
from Rumen Prevent In Vitro Lactic Acidosis

Abstract

Lactic acidosis is a metabolic disorder caused by an accumulation of lactic acid in ruminants fed
highly fermentable carbohydrates. Adding probiotics as a live microbial feed supplement to the
ruminants could prevent acidosis. This present study selectively enriched lactate utilizing
bacteria (LUB) from rumen fluid and evaluated the capacity of LUB to control rumen acidosis in
vitro. The enriched culture used lactate and produced acetate and propionate, and was able to
limit the production of lactic acid from fermentation of corn starch added to a rumen fluid
culture.

The addition of LUB to a rumen culture that was producing lactic acid from

fermentation of starch resulted in a reduction of lactic acid, and the use of LUB with Mg(OH) 2
buffer produced a rapid removal of lactic acid with a recovery of pH. The LUB produced from
this research could successfully prevent lactic acid accumulation in the rumen fermenting starch.
It could also be used as a therapy by removing lactic acid accumulated in the rumen, by
converting it into VFA with acetate and propionate as the main metabolites.
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6.1 Introduction
The rumen is the largest and first chamber of the digestive system of ruminants such as
cattle and sheep (Dunlop and Hammond, 1965). The long retention time of feed in the rumen and
the complex microbial consortia enable the digestion of cellulose to derive more nutritional value
than non-ruminants. The normal feed for the ruminants comprises plant material that contains
cellulose. Fermentation of cellulose by rumen microbes produces volatile fatty acids (VFA),
mainly acetate, propionate, and butyrate. VFA are the main source of energy for ruminants
(Bergman, 1990).
In ruminant production systems such as beef and dairy, producers aim to enhance
productivity through increasing the energy in ruminant diets by grain supplementation. However,
lower roughage, high energy diets result in diminished buffer capacity with decreased saliva
flow, and the build-up of organic acids, which can lead to rumen acidosis (Bailey and Balch,
1961). The build-up of organic acids is well known in anaerobic digestion and results from
readily digestible material leading to a more rapid production of fermentation acids than their
consumption (Cullen et al., 1986). In the case of the rumen, there is one particular organic acid
that is rapidly produced and its build-up leads to severe lactic acidosis.
Rumen microbes hydrolyse polymeric carbohydrates to sugars which are then fermented
to VFA and lactic acid. When the rumen is supplied with an excessive amount of readily
degradable carbohydrates, total acid concentration in the rumen increases (Owen et al., 1998)
and so does the concentration of lactic acid (Dunlop and Hammond, 1965). As both lactate
producing and utilising bacteria are present in the rumen (Caldwell and Bryant, 1966; Nisbet and
Martin, 1990), the lactic acid accumulation can be explained by a misbalance between the
activities of these two types of bacteria (Owen et al., 1998).
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The formation of fermentation end products such as VFA and lactate is highly dependent
on the substrate availability and culture conditions (Russell and Hino, 1985). Most lactic acid
utilising bacteria are very sensitive to low pH (<5.6) while most lactic acid producing bacteria
are not (Owen et al., 1998). This explains why under normal condition (pH ≥ 5.6) lactic acid
tends to accumulate less rapidly than under more acidic conditions (Olson, 1997; Nocek, 1997;
Owen et al., 1998). This suggests that there is a self-enhancing effect of lactic acid build-up: the
more it builds up the more it encourages its own accumulation by slowing down the lactate
degrading processes. Furthermore, lactic acid depresses the pH in the rumen more deeply than
the same concentrations of VFA. This is because lactic acid (pKa 3.85) has lower pKa (a
measure of acid strength or the pH value of maximum buffering) than VFA (pKa 4.76-4.87).
In order to balance and maintain the lactic acid producers and consumers in equilibrium,
the pH in the rumen must be maintained above 5.6 (Olson, 1997; Nocek, 1997). Maintaining the
rumen pH at the optimum level by continuously supplying buffers is expensive and probably
unfeasible. Adding antibiotics to the rumen fermenting starch can prevent lactic acidosis. A
study by Nagaraja et al. (1985) showed that lactic acid accumulation was prevented when
antibiotics (lasalocid and monensin) were added to the rumen fermenting corn starch, and
propionate and butyrate were formed as the major metabolites. However, the use of antibiotics to
prevent lactic acidosis is not desirable due to the potential risk such as the presence of antibiotic
residues, and development of antimicrobial resistance and increasing worldwide legislation
against it (Hong et al., 2005).
Adding probiotics as a live microbial feed supplement to the ruminants has been
considered as a potential method for preventing acidosis. Desnoyers et al. (2009) showed that
yeast supplementation to the ruminants had a limited effect on lactic acid levels (less than 6%
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reduction) and insignificant effects on pH (average increase of +0.03) and rumen volatile fatty
acid concentration (increase by about 2%). Callaway and Martin(1997) suggested that yeast
(Saccharomyces cerevisiae) culture added to the rumen stimulated the growth of lactic acid
utilising bacteria particularly Selenomonas ruminantium. It was believed that the yeast culture
could provide soluble growth factors such as organic acids, amino acids and B vitamins that
support the growth of lactate-utilizing bacteria (LUB). Since LUB has the ability to convert
lactic acid into VFA, the addition of LUB to the rumen could not only lower the risk of rumen
acidosis but also enhance the production of VFA (e.g. propionate, acetate and butyrate) as a
primary energy source for ruminants to grow and produce milk (Kolver and De Veth, 2002).
Supplementation of lactate producing bacteria and lactate utilizing bacteria including
Propionibacterium (a lactate utilizing bacterium) and Enterococcus faecium (a lactate-producing
bacterium) to steers fed a high concentrate diet indicated that there may have been a reduced risk
of acidosis, although there was no change in ruminal or blood pH (Ghorbani et al., 2002).
However, Lettat et al. (2012) found that the supplementation of probiotics containing
Propionibacterium P63, Lactobacillus plantarum, and Lactobacillus rhamnosus was ineffective
in preventing wheat-induced lactic acidosis in sheep. They found that the addition of these
probiotics had a worsening, catalytic effect on lactic acid accumulation by supporting lactic acid
producing bacteria proliferation in the rumen.
Conceptually the accumulation of lactic acid could be seen as an imbalance between the
rapid production rate and a slower consumption rate of lactic acid. Accordingly, the addition of
specifically lactic acid utilising bacteria would make strategic sense. However, previous studies
have not been convincing in proving that the mismatch between lactic acid production and
consumption could be solved by added probiotics. Kung and Hession (1995) showed that using
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Megasphaera elsdenii as a lactate using probiotic could prevent lactic acid accumulation in a
rumen culture in vitro, and they produced increased amounts of isobutyrate, butyrate, isovalerate,
and valerate. The feed substrate (12 g/L) used was a mixture of soluble starch (55%), glucose
(26%), cellulose (6%), cellobiose (7%), and trypticase (6%). However, in their study, they mixed
rumen fluid (20 mL) with a buffer solution (30 mL) which is somewhat different to the real
rumen environment. A study in vivo by Hagg et al. (2010) showed that supplementation of
Megasphaera elsdenii to ruminants consuming high concentration of starch did not reduce lactic
acid build-up in the rumen.
Driven by an observation that in vitro acidosis of rumen samples (Cullen et al., 1986;
Darwin et al., 2018b) is caused by a sudden accumulation of lactic acid, it is hypothesized that if
sufficient amounts of LUB were supplemented the lactic acid accumulation can be prevented or
potentially reversed. For feasible and practical use, in terms of addition of foreign organisms,
costs of production and compatibility with the rumen population, it is proposed to selectively
enrich from rumen cultures the most effective growing LUB and test their addition in the control
of rumen acidosis. This present study aims to selectively enrich LUB from rumen fluid and to
evaluate the enriched bacteria‘s capacity to control rumen acidosis in in vitro experiments.
The phenomenon of acidosis comprises at least two components, a dramatic drop in pH
and the over-production of lactic acid. Two methods could be used to mediate the effects, the
addition of pH buffering or neutralising agents or the addition of active probiotic cultures that
can degrade lactate at a rate that mediates lactate accumulation. The former can be harmful to the
animal when it is locally too concentrated because of a lack of uniform distribution; the latter is a
costly component. The current study describes the combination of the two by providing 20 mM
Mg(OH)2 as a background buffer and then studying the effect of probiotic addition.
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6.2 Materials and methods
6.2.1 Rumen sample
Rumen fluid was collected from a previously prepared 3-year-old cow with a surgically
created rumen fistula, fed on irrigated Kikuyu grass pasture at the School of Veterinary and Life
Science, Murdoch University, Perth, Western Australia. All procedures on the rumen fluid
collection were reviewed and approved by the animal ethics committee at Murdoch University.

6.2.2 Medium composition
The medium solution used was 125 mg/l NaHCO3, 44 mg/l KH2PO4, 160 mg/l NH4Cl, 25
mg/l MgSO4.7H2O and 1 g/l Bacto-yeast extract, 1 g/l Bacto-peptone, 1.25 ml/l of trace element
solution, which contained (g/l): ethylene-diamine-tetra-acetic acid (EDTA) 15, ZnSO4.7H2O
0.43, CoCl2.6H2O 0.24, MnCl2.4H2O 0.99, CuSO4.5H2O 0.25, NaMoO4.2H2O 0.22, NiCl2.6H2O
0.19, NaSeO4.10H2O 0.21, H3BO4 0.014 and NaWO4.2H2O 0.050. This medium solution was
modified from the formulation of Davies et al. (1993).

6.2.3 Cultivating lactate utilising bacteria
6.2.3.1 Batch system
As both lactate producers and consumers are present in the rumen (Caldwell and Bryant,
1966; Nisbet and Martin, 1990), enriching the lactate-consuming bacteria from the ruminal
microbiota can be achieved by supplying lactate as the only substrate to an anaerobically
incubated rumen inoculum. In the batch system, a digester with 1 L working volume was used as
an anaerobic completely mixed batch reactor. The temperature was maintained at 39 ± 0.5oC,
and the reactor was completely stirred using magnetic stirrer at a constant slow speed of 100
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rpm. 25 mL of a 4 M stock solution of sodium lactate was added to the 1 L medium solution
(100 mM lactate medium) inoculated with 1% rumen fluid.

6.2.3.2 Chemostat system
A chemostat system was set up to evaluate the development of LUB under the continuous
supply of sodium lactate. A computer controlled glass reactor used for the chemostat system had
a 200 mL working volume. The pH probe installed in the reactor recorded data online into a
spreadsheet using a LabJack U12 data acquisition card and the process control software
LabVIEW™ (version 7.1 National Instrument).
A medium solution along with 1% rumen fluid as an inoculum was used for starting-up
the fermentation process. For this continuous system, a 100 mmol/L of sodium lactate medium
solution was continuously fed to the reactor. The hydraulic retention time (HRT) applied was 4
days meaning that the total flow rate obtained in the continuous system was 50 mL/day. During
the process, the reactor was continuously mixed at 100 rpm and maintained at a temperature of
39 ± 0.5oC.

6.2.4 LUB addition to rumen culture fermenting starch
Preparation of the LUB slurry: Prior to conducting the in vitro rumen starch fermentation
process, several steps were carried out to prepare the LUB as the supplement. Firstly, the lactate
utilizing cultures obtained from the batch and continuous systems were centrifuged at 4600 rpm
for 20 minutes to generate LUB pellet. The 10 mL cell pellet was obtained from spinning the 2 L
LUB culture, which was then diluted 10 times with filtered rumen fluid to make 100 mL of
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standard slurry LUB. The rumen fluid used for the dilution was centrifuged and filtered to
remove bacterial biomass and other solid materials.
Test 1: For testing the effects of LUB addition to the rumen fluid culture fermenting
starch, the first trials were conducted in a batch mode by adding a 10% LUB slurry to the 80 mL
working volume of the rumen culture. In order to prevent the lactic acid accumulation at the
early fermentation process, after 5 hours incubation 20 mM Mg(OH)2 as a buffer was added to
the digesters. The substrate used was 50 g/L of corn flour (90.2% of total solids). The starch used
for this experiment and all the subsequent experiments was a raw corn flour starch. The
fermentation temperature was maintained at 39 ± 0.5oC, and the rumen culture was anaerobically
mixed at 100 rpm. The temperature and the mixing speeds used in this test were also applied to
all the next experiments.
Test 2: The second trials were carried out in a batch system by adding 20% LUB slurry to
the 80 mL working volume of the rumen culture. The substrate used was 50 g/L of corn flour. To
prevent the lactic acid accumulation at the early fermentation process, 20 mM Mg(OH)2 was
added at 5 and 24 hours of incubation.

6.2.5 Optimisation of lactic acid degradation in rumen culture fermenting starch
To avoid lactic acid accumulation by using LUB, in theory, a sufficient lactic acid
degrading capacity needed to be added to compensate for the lactic acid accumulation capacity.
A series of batch tests was conducted to assess the lactic acid accumulation rate and the lactic
acid conversion rate. Anaerobic batch digesters were used with 5 g/L of corn starch added to the
80 mL fresh rumen fluid.
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To investigate the lactic acid conversion rate in the presence of the LUB slurry, to
determine the appropriate amount of LUB slurry required to offset lactic acid production, an
initial batch test was carried out by adding 30% LUB slurry to the 80 mL working volume of
rumen fluid, with 100 mM sodium lactate added.

6.2.6 Effects of LUB slurry addition to prevent lactic acidosis
After the capacity of the lactate conversion was obtained, a further series of batch trials
was conducted to test the effects of the addition of more LUB to the rumen fluid culture. For this
test, 60% LUB slurry was added to the 80 mL working volume of the rumen. The second reactor
was used to test whether the LUB slurry addition could rescue the rumen from lactic acidosis.
The control reactor used was a mixture of rumen fluid and the corn starch only. The substrate
concentration used in these trials was 5 g/L of corn starch.
A repeat test was conducted by increasing the feed concentration of corn starch from 5 to
10 g/L. This test was carried out in order to evaluate whether the same amount of the LUB (60%)
added to the rumen culture fermenting twice as much starch could still prevent lactic acidosis.
The second reactor was used to test whether the LUB slurry addition (60%) could rescue the
rumen fermenting corn starch (10 g/L) from lactic acidosis. The third reactor was used to test
whether the LUB slurry and buffer (20 mM Mg(OH)2) addition could remove lactic acid faster
than LUB slurry addition only.
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6.2.7 Analytical methods
6.2.7.1 Fermentation end-product analysis
For fermentation end-product analysis, samples collected were immediately centrifuged
at 4000 rpm for 5 minutes. The supernatants were then filtrated through a Millex GP with filter
unit 0.22 µm Millipore express PES membranes, 150 psi (10 bars) of housing limit. The filtrates
were transferred into 1.5 mL Eppendorf tubes, and stored at 4oC prior to analysis (Ye et al.,
1996; Milinovich et al., 2008; Feria-Gervasio et al., 2014; Bao et al., 2015). The fermentation
product composition, including VFAs (acetate, propionate, and butyrate), acetone, ethanol,
butanol and lactic acid, was analysed by gas chromatography. In a vial test tube with screw cap,
480 µL of periodic acid (100 mM) and 300 µL of formic acid (10%) were added to 720 µL of
standard/sample. The mixture was then closed and heated in the water bath at 100 oC for 60
minutes. After heating, the test tube was cooled at room temperature for 5 minutes and then
placed in the fridge for 20 minutes. After cooling, the mixture in the closed test tube was mixed
using a vortex mixer for 30 seconds. The mixture was then transferred to a 1.5 ml GC vial ready
for injection into the GC.
An Agilent 7820A gas chromatograph (GC) with auto-sampler, and flame-ionization
detector was utilized. The injection block was installed with an Agilent 11 mm rubber septum
and inlet liner with a standard split. The inlet liner used was specified as follows: an Agilent
5190-2295, low pressure drop, ultra-inert liner with glass wool and deactivation, and volume of
870 µL.A fused silica capillary column of an Altech ECONOCAP™ EC-1 was used with the
length of 30 m, inside diameter of 0.25 mm and film thickness of 0.25 µm. Nitrogen gas was
used as the carrier gas with a flow rate of 1.2 mL/min and at the inlet sample was split 10:1. The
injection volume was set at 0.4 µL. The run time was programmed at 11.667 min. The oven
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temperature was set as follows: initial temperature 50oC; held for 2 min; temperature ramp
75oC/min to 130oC; held for 5.0 min; temperature ramp 75oC/min to 250oC; held for 2 min.

6.2.7.2 Bacterial optical density analysis
To monitor the bacterial growth, bacterial optical density analysis was measured by using
DR/2000 Direct Reading Spectrophotometer. The Spectrophotometer was blanked using 5 mL
DI water prior to the analysis of the fermentation culture. A 5 mL of the culture was transferred
to a 16 mm glass culture tube, and the optical density was measured at 600 nm (OD600) (Hazan et
al., 2012; Joshi et al., 2016).

6.3 Results
6.3.1 Breeding lactate utilising bacteria
6.3.1.1 Batch system
The lactate concentration in the inoculated medium decreased over time, with a
conversion rate of about 1.2 mM per hour (Figure 6.1). As expected the lactate-consuming
bacteria were able to convert lactate into VFA mainly acetate and propionate as the major
fermentation end-products (Figure 6.1).
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Figure 6.1: Profile of metabolites from the lactate conversion in the batch system. The substrate
added was a 100 mmol/L sodium lactate inoculated with 1% rumen fluid.

6.3.1.2 Chemostat system
In the continuously fed test in a computer controlled chemostat, despite the continuous
addition of lactate, its concentration gradually decreased over time. This means that the lactate
degrading capacity by the culture increased, presumably because of the selective growth of lactic
acid fermenting bacteria. Instead of lactate, acetate and propionate accumulated (Figure 6.2). In
this trial, the global conversion yield achieved was 0.93 mol VFA/mol lactate, and the specific
yields obtained were 0.54 mol acetate/mol lactate, 0.4 mol propionate/mol lactate and 0.1 mol
butyrate/mol lactate. This suggested that breeding lactate utilising bacteria as rumen probiotics
could be conducted in vitro through continuous supply of lactate as the only source of energy.
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Figure 6.2: Profile of metabolites from the lactate conversion under the continuous operation.
The flow rate applied was 50 mL/day (HRT 4 days). The substrate concentration added was 100
mM sodium lactate.

6.3.2 Influence of the LUB addition to the rumen culture fermenting starch
Test 1: Addition of 10% LUB slurry to the rumen culture fermenting starch produced
lower lactic acid (Figure 6.3A) compared with no LUB addition (Figure 6.3B). The rumen fluid
with added LUB produced a significant amount of acetate (120 mM) with a small amount of
propionate (20 mM) while the rumen culture without added LUB produced mainly lactic acid
(>400 mM) as the major metabolite (Figure 6.3B). This result indicated that the addition of LUB
to the rumen culture fermenting starch could potentially prevent lactic acid accumulation.
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Figure 6.3: Profiles of fermentation end-products in the rumen culture added with: (A) corn
starch and 10% LUB slurry, (B) corn starch and rumen only as a control. The total substrate
(corn starch) concentration used in each reactor was 50 g/L. 20 mM of Mg(OH)2 was added from
the beginning of the experiment to both test and control.

Test 2: Addition of 20% LUB slurry produced lower amounts of lactic acid than the
reactor with no LUB addition (Figure 6.4). Although both test and control reactors produced
lactic acid in the early fermentation, only the reactor added LUB apparently removed lactic acid
and converted it into VFA (Figure 6.4A). It is interesting to note that pH in the rumen culture
added LUB recovered from 5 to 6 after a 24-hour incubation.
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Figure 6.4: Profiles of fermentation end-products in the rumen culture added with: (A) corn
starch and 20% LUB slurry, (B) corn starch and rumen only as a control. The total substrate
(corn starch) concentration used in each reactor was 50 g/L. 20 mM of Mg(OH)2 was added from
the beginning of the experiment to both test and control.

6.3.3 Lactic acid degradation in the rumen culture by adding LUB
The lactic acid accumulation rate obtained from the fermentation of a 5 g/L corn starch in
the rumen fluid in the batch digesters was 6.99 mM/h (Figure 6.5A), while 30% of concentrated
LUB slurry in the rumen culture could degrade lactic acid (from the added sodium lactate) at a
rate of 3.68 mM/h (Figure 6.5B).
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6.3.4 Effects of LUB slurry addition to prevent ruminal lactic acidosis
The reactor with 60% LUB slurry prevented lactic accumulation from fermenting 5 g
corn starch/L (Figure 6.6A) while the reactor without LUB underwent acidosis with a pH drop to
5.20 (Figure 6.6C), which would be classified as a subacute ruminal acidosis (Owens et al.,
1998; Garrett et al., 1999).
Results showed that the addition of 60% LUB slurry after acidosis had occurred could
successfully remove lactic acid, and convert it into VFA with acetate and propionate as the main
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metabolites (Figure 6.6B). This result suggested that LUB addition has potential to be used as a
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Figure 6.6: Profiles of metabolites in the rumen culture fermenting corn starch: (A) 60% LUB
slurry was added at the beginning of fermentation, (B) 60% LUB slurry was added to the rumen
after acidosis had occurred, (C) rumen fluid with corn starch only as a control. The total substrate
concentration (corn starch) used in each reactor was 5 g/L.
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Double starch:
The addition of 60% LUB slurry to a reactor with double the starch concentration (10
g/L) prevented lactic acid accumulation (Figure 6.7A), while the reactor without added LUB had
an acute lactic acidosis with a pH drop to 4.5 (Figure 6.7D), which is classified as an acute
ruminal acidosis (Owens et al., 1998; Nocek, 1997; Lettat et al., 2012).
The addition of 60% LUB slurry after an acute acidosis successfully reduced lactic acid,
and converted it into VFA with acetate and propionate as the major end-products (Figure 6.7B).
The addition of 60% LUB slurry and 20 mM Mg(OH)2buffer to the rumen culture with induced
lactic acidosis could degrade lactic acid faster than LUB addition only (Figure 6.7C). This result
reaffirmed the previous test that LUB combined with buffer has the potential to be used as a
therapy for ruminal lactic acidosis and that it could assist the recovery from an acute acidosis.
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Figure6.7: Profiles of metabolites in the rumen culture fermenting corn starch: (A) 60% LUB
slurry was added at the beginning of fermentation, (B) 60% LUB slurry was added to the rumen
after acidosis had occurred, (C) 60% LUB slurry and 20 mM Mg(OH)2were added to the rumen
after acidosis had occurred (D) rumen fluid with corn starch only as a control. The total substrate
concentration (corn starch) used in each reactor was 10 g/L.
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6.4 Discussion
Several strategies have been used to prevent acidosis in grain fed cattle including the use
of bases (MgO, Mg(OH)2), buffers (bicarbonate) and antibiotic addition. None of these methods
work adequately without significant side effects (Hindman, 1990; Dehkordi and Dehkordi, 2011;
Russell and Rychlik, 2001). The results presented in the current work suggest that the addition of
lactic acid degrading bacteria (LUB) enriched by simple batch incubation of rumen samples in
the presence of lactate has some merit in controlling acidosis in starch fermenting rumen cultures
in vitro (Figure 6.4, 6.6, 6.7).
The current study has investigated two options to use an enriched probiotic to control
rumen acidosis, the addition of the probiotic from the beginning (Figure 6.6A, 6.7A) and the
possibility of adding a probiotic as therapy, once clear symptoms of acute acidosis have occurred
(Figure 6.6B, 6.7B). The addition of probiotics as a therapy, i.e. after acidosis has occurred, faces
an additional obstacle which is that the lowered pH in the rumen sample is known to limit the
rate of lactate uptake by lactate degrading bacteria (Lettat et al., 2012; Owen et al., 1998). In a
case where the pH is so low that lactic acid degradation is largely inhibited, the addition of LUB
alone as a therapy may not work. In this case, the combination of probiotic with some pH
adjusting base (e.g. Mg(OH)2) may be necessary (Figure 6.7C).
The addition of Propionibacterium species, a lactate utilising bacterium, to the rumen in
vivo, did enhance the production of propionate but could not reduce lactic acid accumulated
(Krehbiel et al., 2003). This has been explained by the acid intolerance of this bacterium. Once
pH in the rumen is lower than 5.6, the activity of this bacterium is inhibited, and therefore lactic
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acid uptake does not occur (Krehbiel et al., 2003; Narvaez et al., 2014; Lettat et al., 2012).
Utilisation of this bacterium as a way to control acute ruminal acidosis may not be feasible.
A study by Kung and Hession (1995) revealed that the addition of a pure culture of a
more acid tolerant lactic acid degrading bacterium, Megasphaera elsdenii, to in-vitro rumen
samples could prevent lactic acidosis, and result in the production of isobutyrate, butyrate,
isovalerate, and valerate as the main metabolites (Table 6.1). In comparison with the current
study, the authors used a lower dose of starch to initiate rumen acidosis, resulting in less than
40% of the lactic acid build-up observed in our study (Table 6.1). Furthermore, their use of
substantial additional buffer capacity of almost 100 mM carbonate base also contributes to
facilitating control of rumen acidosis and was possibly the reason for a less dramatic pH drop
than that produced in the current study (Table 6.1), which accounted for about 3 times higher
proton concentration in our study.
Compared with literature data that showed positive effects of probiotic addition to rumen
cultures the results presented in the current study show that even with no additional buffer, there
was substantial avoidance of more than 90% of lactic acid and proton accumulation. However, in
this case, an unrealistically high inoculant volume (60% LUB) was added. The combination of a
low base addition (20 mM) and diminished probiotic volume showed a significant effect in terms
of lactic acid and proton control even with an excessively high amount of starch added.
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Table 6.1: Comparison between this current study and other closest literatures in probiotic
addition

This study
with buffer

This study
no buffer

Kung and
Hession (1995)

Long et al.
(2016)

Trial type
Substrate type
Substrate
concentration (g/L)
Base/ Buffer added
(mM)
Pro-biotic type

In vitro
Starch
50

In vitro
Starch
10

In vitro
Starch
6.6

In vivo
Starch
23

20
(Mg(OH)2)
Enrichment
LUB

0

96 (Na2CO3)

12.65 CaCO3

Enrichment
LUB

Probiotic volume
(%)
Probiotic carrying
liquid
Lactate build-up in
control (mM)
Lactic acid in test
after 24 h
incubation (mM)
Lactic acid
prevention (%)
pH in control
pH in test
Percent proton
removal by
probiotic addition
(%)
Main VFA
produced (in order)

20

60

Pure culture
Megasphaera
elsdenii
10

Pure culture
Megasphaera
elsdenii H6F32
-

Rumen
fluid
310

Rumen fluid

Medium

Medium

110

40

67

100

4.5

2

51

68

92

97

24

4
5.02
94

4.5
5.6
92

5
5.5
68

5.2
5.8
75

Acetate,
propionate

Acetate,
propionate,
butyrate

Isobutyrate,
butyrate,
isovalerate,
valerate

Acetate,
propionate,
butyrate

Descriptions

A number of studies have found no significant beneficial effects from the addition of
probiotics comprised of Saccharomyces cerevisiae (Yang et al., 2004), Enterococcus faecium
(Beauchemin et al., 2003) and Propionibacterium strain P169 (Narvaez et al., 2014) addition.
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However, beneficial effects have been obtained when Propionibacterium, Selenomonas
ruminantium and Lactobacillus acidophilus (Nisbet and Martin, 1990; Nocek et al., 2002;
Huffman et al., 1992) were supplemented to ruminants fed a mixture of starch and hay.
However, in the case when the diet contained only starch, the addition of these bacterial
probiotics could not prevent lactic acidosis.
Mackie and Gilchrist (1979) also found that Selenomonas ruminantium was relatively
acid-intolerant. Hence, supplementation of this bacterium to prevent lactic acidosis was not
feasible when a high concentration of starch was added to the rumen. Some studies have reported
that Megasphaera elsdenii is relatively acid-tolerant (Russell and Baldwin, 1978; Counotte et al.,
1981). Thus, supplementing this bacterium to the ruminants‘ diet containing a high concentration
of starch may reduce the risk of lactic acidosis. This is because this particular bacterium still can
grow and use lactic acid as a source of carbon when the pH in the rumen is 5.4 (Kung and
Hession, 1995; Counotte et al., 1981).
While the use of a defined culture will likely lead to a reproducible probiotic with
predictable outcomes, it is an expensive step to carry out. The use of a rumen derived selective
enrichment of LUB as carried out in this study, does not require sterilisation of media and aseptic
processing and could be a more economical way of producing a probiotic culture. Furthermore,
the undefined enrichment that was cultivated here showed to be relatively acid tolerant by still
having significant positive effects at pH between 5.2 and 5.6.
Overall, results suggest that the principle of producing LUB from rumen samples as a
probiotic to prevent lactic acidosis is possible. However, prior to possible in-vivo testing, further
improvements of inoculum production and addition to the rumen culture need to be made. In
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particular, the production process should result in higher concentrations of LUB, and further, the
probiotic should be concentrated sufficiently such that the dilution effect obtained in this study
can be avoided. Finally, a suitable way of preserving the culture (lyophilisation, drying) would
need to be developed before a suitable commercial probiotic can be made available.

6.5 Conclusion
In conclusion, LUB produced from this current research could successfully prevent lactic
acidosis in a rumen culture fermenting starch. Lactic acid accumulation induced in the rumen
culture also can be removed by adding LUB as microbial probiotics. The combination of LUB
and buffer addition can remove lactic acid faster than LUB addition alone. This showed that the
LUB supplementation has potential to be used as a therapy for the ruminal lactic acidosis.
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Chapter 7
Use of Concentrated Cell Suspensions of Lactate Utilising
Bacteria as Probiotics to Prevent Ruminal Lactic Acidosis
In-Vitro

Abstract

Ruminal acidosis is a digestive disorder in ruminants caused by an accumulation of organic
acids, mainly lactic acid. The disorder occurs when ruminants are fed with low fibre diets.
Supplementation of probiotics (direct-fed microbial) to ruminants can prevent lactic acid
accumulation. In the present study bacterial probiotics were produced by selectively enriching
lactate utilising bacteria (LUB) from rumen fluid using a fed-batch cultivation system. Then the
capability of probiotics to control lactic acidosis in rumen cultures was tested in vitro. The
addition of concentrated cell suspensions of LUB as probiotics to rumen cultures fermenting
corn starch successfully prevented lactic acid accumulation, and could also be used as a therapy
by converting lactic acid accumulated in rumen cultures into volatile fatty acids (VFA) with
acetate and propionate as the main end-products. The combination of concentrated cell
suspensions of LUB with Mg(OH)2 buffer could prevent lactic accumulation, and rapidly
degrade lactic acid without the use of excessive amounts of LUB probiotics. DNA sequence
analysis showed the key LUB that was enriched to include Bacteroides, Acinetobacter,
Oscillospira, Clostridium, Dysgonomonas and Pseudomonas.
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7.1 Introduction
Current feeding practices in ruminant animal breeding have the tendency to feed
ruminants with high-cereal grain diets in order to enhance growth rates and milk production
(Bergman, 1990; Krause et al., 2002; Nikkhah, 2012). Grain fed to ruminants generates
carbohydrate in the rumen where it will be fermented rapidly rather than digested normally like
fibre diets (Ahrens, 1967; Allen, 1997; Yang et al., 2001, Gulmez and Turkmen, 2007). Feeding
grain to ruminants reduces the rumination process, involving a reduction of the chewing process
and saliva flow (McDougall, 1948), and thereby decreases buffer capacity in the rumen (Bailey
and Balch, 1961; Balch, 1971; Allen, 1997; Mertens, 1997). This condition leads to declining pH
and acid accumulation in the rumen, and results in digestive disorders such as acidosis (Owen et
al., 1998; Krause et al., 2002; Lettat et al., 2012).
Acute ruminal acidosis is normally caused by the onset of lactic acid accumulation rather
than VFA accumulation. This is because lactic acid releases more protons than VFA due to a
lower pKa value (pKa lactic acid = 3.85, pKa acetate= 4.76, pKa butyrate = 4.82, pKa propionate
= 4.87), and thus lactic acid build-up generates more acidity in the rumen than VFA build-up.
When lactic acidosis occurs, ruminal pH may fall lower than 5.0 (Russell and Hino, 1985; Owen
et al., 1998). Prolonged acidosis in the rumen can result in the mortality of ruminants (Andersen
et al., 1993; Brown et al., 2000; Nagaraja and Lechtenberg, 2007).
A pH of 5.5 and lower in the rumen leads to an imbalance rumen microflora (Russell and
Rychlik, 2001; Castillo-González et al., 2014) because it inhibits the growth of lactate-utilizing
bacteria in the rumen (Olson, 1997). Conversely, lactate producing bacteria can grow at low pH
to form lactic acid as the main metabolite (Garrett et al., 1999; Owen et al., 1998). This suggests
that lactic acid will not be accumulated in the rumen when there is a balance between lactic acid
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producers and lactic acid consumers, and the rate of lactic acid formation is equal to the rate of
lactic acid uptake.
Two strategies used to prevent lactic acidosis are buffers and antibiotic addition. The use
of buffers to prevent rumen acidosis is potentially problematic as high local concentration of
buffers (Counotte et al., 1979), in particular if it is in the form of MgO or Mg(OH)2 may
generate the negative effects of high pH (Smith and Correa, 2004) and carbon-dioxide build-up
(with bicarbonate as the buffer) (Hindman, 1990). The use of antibiotics to prevent rumen
acidosis is also not recommended, because antibiotic addition can stimulate the development of
antimicrobial resistance in the rumen (Nagaraja et al., 1985; Nagaraja and Taylor, 1987) and
antibiotic residues in milk and meat, thus posing a threat to humans and animals (Gaudin et al.,
2004; Er et al., 2013).
Among the strategies developed to prevent lactic acidosis, the use of probiotics (directfed microbial) has more potential (Nocek et al., 2003; Chaucheyras-Durand and Durand, 2010;
Seo et al., 2010). This is because supplementation of microbial probiotics in animal feed can
enhance rumen microbiota (Fuller, 1989). Several probiotic strategies have been proposed for
preventing acidosis by using different types of microbial probiotics such as Saccharomyces
cerevisiae (Callaway and Martin, 1997; Desnoyerset al., 2009), Lactobacillus Plantarum (Lettat
et al., 2012), Selenomonas ruminantium (Nisbet and Martin, 1990), and Propionibacterium
(Narvaez et al., 2014). However, none of the probiotics-supplementation strategies could prevent
lactic acidosis in the rumen fermenting starch.
A pure culture probiotic that can successfully prevent lactic acidosis in the rumen
fermenting starch is Megasphaera elsdenii (Klieve et al., 2003; Long et al., 2016). The authors
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reported that adding this bacterium to ruminants fed with a high concentration of starch
prevented lactic acidosis. An in vitro study by Kung and Hession (1995) also found that the
addition of Megasphaera elsdenii to rumen culture fermenting starch prevented lactic acidosis.
Russell and Baldwin (1978) observed that Megasphaera elsdenii is an acid-tolerant bacterium
that can survive at low pH in the rumen and is able to utilise lactic acid as their energy source.
Counotte et al. (1981) also found that Megasphaera elsdenii can ferment lactic acid and form
butyrate as the main metabolite.
Although using Megasphaera elsdenii has the potential to prevent lactic acidosis in the
rumen, turning this pure culture probiotic in the laboratory into a commercial product is not easy
due to the cost of axenic production. Previous work (Chapter 6) has shown that lactic acidosis
can be prevented by adding liquid cultures of lactate utilising bacteria (LUB) enriched from
rumen fluid. This had one problem in that the culture amount needed was up to 60% of the
rumen content, which is not feasible to implement in vivo. The amount of culture also
substantially diluted the rumen sample, leading to dilution of the acid formed. For application in
the real rumen, the addition of LUB probiotic would be more desirable in a concentrated or dried
form. In the current work LUB probiotic was produced in more concentrated cultures by
employing Fed-Batch rather than Batch or continuous cultivation, and tested their effectiveness
through application of concentrated cell pellets to control rumen acidosis.
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7.2 Materials and methods
7.2.1 Rumen sample
Rumen fluid was collected from a previously prepared 3-year-old cow with a surgically
created rumen fistula, fed on irrigated Kikuyu grass pasture at the School of Veterinary and Life
Science, Murdoch University, Perth, Western Australia. All procedures on the rumen fluid
collection were reviewed and approved by the animal ethics committee at Murdoch University.

7.2.2 Medium composition
The medium solution used was 125 mg/l NaHCO3, 44 mg/l KH2PO4, 160 mg/l NH4Cl, 25
mg/l MgSO4.7H2O and 1 g/l Bacto-yeast extract, 1 g/l Bacto-peptone, 1.25 ml/l of trace element
solution, which contained (g/l): ethylene-diamine-tetra-acetic acid (EDTA) 15, ZnSO4.7H2O
0.43, CoCl2.6H2O 0.24, MnCl2.4H2O 0.99, CuSO4.5H2O 0.25, NaMoO4.2H2O 0.22, NiCl2.6H2O
0.19, NaSeO4.10H2O 0.21, H3BO4 0.014 and NaWO4.2H2O 0.050. This medium solution was
modified from the formulation of Davies et al. (1993).

7.2.3 Culturing lactate utilising bacteria
7.2.3.1 Fed-batch system cultivation
Enriching of the lactate utilizing bacteria from rumen microbiota was conducted using a
fed-batch system.1L of the above medium was supplemented with 100 mmol/L sodium lactate
and inoculated with 1% rumen fluid. After three days of incubation, another 100 mmol/L sodium
lactate was added again to stimulate the growth of the LUB. After 7 days of incubation, the
culture was concentrated from 1 L to 5 mL solid biomass by spinning the culture for 20 minutes
at 4600 rpm. A 5 mL solid biomass (cell pellet) was then transferred into the 1 L fresh medium

129

containing 100 mmol/L sodium lactate. After 24-hours of incubation, sodium lactate with the
same concentration (100 mM) was added again to the reactor in order to stimulate the growth of
the LUB. During the process, the reactor was anaerobically mixed using a magnetic stirrer at 100
rpm, and the temperature was maintained at 39 ± 0.5oC.

7.2.4 Investigation of the LUB addition to rumen culture fermenting starch
7.2.4.1 Prevention of lactic acidosis
The effect of adding concentrated LUB as a probiotic to prevent lactic acidosis in rumen
culture fermenting starch was investigated in a series of batch trials. Prior to the fermentation
process, 2 L of LUB culture that had been developed was centrifuged at 4600 rpm for 20 minutes
to obtain 10 g cell pellets.
A series of batch trials was conducted by varying the amount of the probiotics added to
the rumen culture fermenting corn starch. The amount of LUB pellets added was 50, 40, 20 and
10 g/L of wet biomass/L. A repeat test was carried out in order to determine the minimum
amount of LUB pellets needed to prevent lactic acidosis. In this test, the amount of LUB added
was 5 and 2.5 g/L. A combination of probiotics (2.5 g/L) and buffer (20 mM Mg(OH) 2) was
added to the rumen culture fermenting starch in order to evaluate whether the small amount of
probiotic combined with buffer would still prevent lactic acidosis. Adding only magnesium
hydroxide (20 mM) to the reactor was performed in order to discover whether the addition of
only the buffer to rumen culture fermenting starch would prevent lactic accumulation. The
control reactor contained rumen fluid and corn starch only. The substrate concentration applied
in these tests was 10 g/L corn flour. The starch used for this test and all the subsequent
experiments was a raw corn flour starch. The temperature was maintained at 39 ± 0.5oC, and the
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80 mL working volume of rumen was anaerobically mixed using a magnetic stirrer at 100 rpm.
The temperature, mixing speed and the working volume of rumen used in this test were also
applied to all the subsequent experiments.

7.2.4.2 Reversal of lactic acidosis
In order to determine whether LUB pellets added to rumen culture in which lactic
acidosis had been induced would reduce lactic accumulation, a series of batch trials was
conducted by adding 50 g/L LUB pellet to rumen culture with induced acidosis. A ten times
lower concentration of probiotic (5 g/L) and a 20 mM Mg(OH)2 buffer were added to the rumen
culture with induced lactic acidosis. Another trial was conducted by adding magnesium
hydroxide only to the rumen culture with induced lactic acidosis in order to find out whether
buffer addition only would remove lactic acid accumulated. In these tests, the probiotics and
magnesium hydroxide added to the rumen culture with induced lactic acidosis were applied after
a 24 hour incubation period. To obtain rumen culture induced with lactic acidosis, firstly rumen
fluid was mixed with corn starch (10 g/L). After 24 hours of incubation, when pH had dropped
below 5.0 and lactic acid had accumulated in the culture, probiotic or magnesium hydroxide was
added to the culture. The control reactor consisted of rumen and corn starch only.

7.2.5 Analytical methods
7.2.5.1 Fermentation end-product analysis
For fermentation end-product analysis, samples collected were immediately centrifuged
at 4000 rpm for 5 minutes. The supernatants were then filtrated through a Millex GP with filter
unit 0.22 µm Millipore express PES membranes, 150 psi (10 bars) of housing limit. The filtrates
were transferred into 1.5 mL Eppendorf tubes, and stored at 4oC prior to analysis (Ye et al.,
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1996; Milinovich et al., 2008; Bao et al., 2015). The fermentation product composition,
including VFAs (acetate, propionate, and butyrate), acetone, ethanol, butanol and lactic acid, was
analysed by gas chromatography. In a vial test tube with screw cap, 480 µL of periodic acid (100
mM) and 300 µL of formic acid (10%) were added to 720 µL of standard/sample. The mixture
was then closed and heated in the water bath at 100oC for 60 minutes. After heating, the test
tube was cooled at room temperature for 5 minutes and then placed in the fridge for 20 minutes.
After cooling, the mixture in the closed test tube was mixed using a vortex mixer for 30 seconds.
The mixture was then transferred to a 1.5 ml GC vial ready for injection into the GC.
An Agilent 7820A gas chromatograph (GC) with auto-sampler and flame-ionization
detector was utilized. The injection block was installed with an Agilent 11 mm rubber septum
and inlet liner with a standard split. The inlet liner used was specified as follows: an Agilent
5190-2295, low-pressure drop, ultra-inert liner with glass wool and deactivation, and volume of
870 µL.A fused silica capillary column of an Altech ECONOCAP™ EC-1 was used with the
length of 30 m, inside diameter of 0.25 mm and a film thickness of 0.25 µm. Nitrogen gas was
used as the carrier gas with a flow rate of 1.2 mL/min, and at the inlet, the sample was split 10:1.
The injection volume was set at 0.4 µL. The run time was programmed at 11.667 min. The oven
temperature was set as follows: initial temperature 50oC; held for 2 min; temperature ramp
75oC/min to 130oC; held for 5.0 min; temperature ramp 75oC/min to 250oC; held for 2 min.

7.2.5.2 Bacterial optical density analysis
To monitor the bacterial growth, bacterial optical density analysis was measured by using
DR/2000 Direct Reading Spectrophotometer. The Spectrophotometer was blanked using 5 mL
DI water prior to the analysis of the fermentation culture. The sample was diluted 10 times
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indicating that 0.5 mL of the sample was mixed with 4.5 mL DI water. A 5 mL of the diluted
sample was transferred to a 16 mm glass culture tube, and the optical density was measured at
600 nm (OD600) (Hazan et al., 2012; Joshi et al., 2016).

7.2.5.3 DNA analysis
DNA extraction from 1 mL of the lactate utilising bacteria culture (the enrichment
culture) was performed in an amplicon free laboratory, in a laminar flow hood using the
PowerSoil DNA Isolation Kit (MO BIO, USA) according to the manufacturer‘s instructions. The
samples were taken from the fed-batch reactor at day 0, 2, 4, 7, 10. The DNA was stored in the
freezer (-20oC) until further analysis. DNA was extracted and quantified using a Qubit
fluorometer, and 1-ng samples were amplified using the 16S ribosomal ribonucleic acid
(rRNA)gene

V4/5

primers

(515F:

GTGCCAGCMGCCGCGGTAA

and

806R:

GGACTACHVGGGTWTCTAAT) (Caporaso et al., 2010). Specifically, a mixture of genespecific primers and gene-specific primers tagged with Ion Torrent-specific sequencing adaptors
and barcodes was used in this analysis. The tagged and untagged primers were mixed at a ratio of
90:10. Using this method, amplification of all samples using 18–20 cycles was achieved; thus,
minimized primer-dimer formation and allowed the streamlined downstream purification.
Amplification was confirmed by agarose gel electrophoresis, and product formation was
quantified by fluorimeter. Up to 100 amplicons were diluted to equal concentrations and adjusted
to a final concentration of 60pM. Templated Ion Sphere Particles (ISP) were generated and
loaded onto sequencing chips using an Ion Chef (Thermofisher Scientific) and sequenced on a
PGM semiconductor sequencer (Thermofisher Scientific) for 650 cycles using a 400 bp
sequencing kit yielding a modal read length of 309 bp. Data collection and read
trimming/filtering was performed using TorrentSuite 5.0 (Caporaso et al., 2010). This method
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has been tested on commercial mock community DNA samples and shows good concordance
with expected results (Nagel et al., 2016).

7.3 Results
7.3.1 Producing lactate utilising bacteria as probiotics
Previously presented results (Chapter 6) showed that lactate can be converted to VFA
within 3 days of incubation for both batch and continuous systems. In order to produce more
biomass than typically achieved in batch or continuous systems, a fed-batch enrichment
procedure was established to produce LUB (Figure 7.1). High biomass concentration is
important to enable effective productivity. After the initial batch operation (3 days) additional
100 mM lactate was added 4 times (500 mM in total). This resulted in substantially higher
biomass than obtained in a batch or chemostat operation (OD600 1.1) and, most importantly, a
higher lactate degradation rate (LDR) of about 100 mM/day, compared with about 20 mM per
day for the continuous and 25 mM/day for the batch system (Chapter 6). After 10 days of
incubation, the lactate conversion rate increased to 5.1 mmol/L per hour. In this cultivation test,
the global conversion yield achieved was 1.3 mol VFA/mol lactate, and the specific yields
obtained were 0.5 mol acetate/mol lactate, 0.22 mol propionate/mol lactate and 0,1 mol butyrate/
mol lactate. These results suggest that this modified technique of breeding lactate utilising
bacteria is more suitable for generating probiotics.
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Figure 7.1: Profiles of lactate conversion followed by the growth of LUB under a fed-batch
system. After 7 day incubation, the culture was concentrated from 1 L into 5 mL cell pellet. 5
mL cell pellet was then transferred to the 1 L fresh medium.

7.3.2 Supplementation of probiotics to prevent lactic acidosis
The addition of concentrated cell suspensions of LUB (pellet) (10 to 50 g/L wet weight)
to the rumen culture fermenting starch successfully prevented lactic acidosis (Figure 7.2A, B, C,
and D), and produced mainly acetate and propionate as metabolites. This shows that 10 g of LUB
per L of rumen volume can be added in pellet form to prevent lactic acid accumulating in the
rumen culture fermenting starch. The results also showed that adding probiotics to the rumen
culture fermenting starch prevented a dramatic drop in pH caused by lactic acid build-up, while
the rumen culture fermenting starch to which probiotics was not added had about 10 times higher
proton concentration (Figure 7.2E) than that in the rumen culture with added probiotics.
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Figure7.2: Profiles of metabolites in the rumen culture fermenting corn added with: (A) 50 g/L
probiotics, (B) 40 g/L probiotics, (C) 20 g/L probiotics, (D) 10 g/L probiotics, (E) control (rumen
fluid and corn starch only). The substrate (corn starch) concentration used was 10 g/L. Probiotics
added was in the form of wet weight.
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7.3.3 Minimum amount of probiotics that could prevent lactic acidosis
As all concentrations trialled above showed significant effects, smaller doses of
probiotics were tested (Figure 7.3). The addition of 5 g/L LUB pellet to the rumen culture
fermenting starch still could prevent lactic acid accumulation (Figure 7.3A), while the addition
of 2.5 g/L of LUB pellet could not (Figure 7.3B). It is interesting to note that lactic acid
accumulated in the rumen culture fermenting starch with 2.5 g/L of probiotics added was
converted into VFA after a 24-hour incubation period. This suggests that small amounts of
probiotics added to the rumen culture had an effect on the conversion of lactic acid into VFA.
It is known that LUB are inhibited by low pH values; for this reason, the addition of a
buffer or base together with LUB is expected to be a useful combination. The addition of 2.5 g/L
of LUB and 20 mMMg(OH)2 buffer prevented lactic acid accumulation and produced acetate
and propionate as the major fermentation end-products (Figure 7.3C). In comparison, the
addition of just 2.5 g/L of probiotics (Figure 7.3B) or 20 mMMg(OH)2 buffer (Figure 7.3D) did
not prevent lactic acid accumulation. The results also showed that the addition of 20 mM
Mg(OH)2 buffer to the rumen culture fermenting starch still produced 10 times higher proton
concentration than that produced in the rumen culture with added probiotics (5 g/L) alone or with
a combination of probiotics and Mg(OH)2 (20 mM).
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Figure 7.3: Profiles of metabolites in the rumen culture fermenting starch added with: (A) 5g/L
probiotics, (B) 2.5 g/L probiotics, (C) 2.5 g/L probiotics and 20 mM Mg(OH)2, (D) 20 mM
Mg(OH)2, (E) control (rumen fluid and corn starch only). The substrate concentration (corn
starch) used was 10 g/L. Probiotics added was in the form of wet weight.
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7.3.4 Probiotics used as a therapy for the rumen having acidosis
Previous tests (Figure 7.2A-D, and 7.3A) showed that the addition of probiotics (5 to 50
g/L wet weight) prevented lactic acid accumulating in the rumen culture fermenting corn starch.
To determine whether the addition of probiotics would benefit rumen affected by lactic acidosis,
the probiotic was added to the rumen culture after lactic acidosis had occurred. The results
showed that the addition of LUB pellets (50 g/L) after the development of acute lactic acidosis
successfully reduced lactic acid, and converted it into VFA with acetate and propionate as the
main metabolites (Figure 7.4A). The addition of a ten times lower amount of LUB pellets (5 g/L)
and 20 mM Mg(OH)2 buffer to the rumen culture with induced lactic acidosis removed lactic
acid faster(Figure7.4B) than LUB pellet addition alone(Figure 7.4A). This result suggests that
LUB pellets combined with buffer addition can be used as a therapy for rumen lactic acidosis
and that it can assist the recovery of pH in subacute ruminal acidosis (SARA).

139

Figure 7.4: Profiles of metabolites in the rumen culture fermenting starch: (A) LUB pellet (50
g/L) was added to the rumen after lactic acidosis had occurred, (B) LUB pellet (5 g/L) and 20
mM Mg(OH)2 were added to the rumen after lactic acidosis had occurred, (C) 20 mM Mg(OH)2
was added to the rumen after lactic acidosis had occurred, (D) ruminal fluid with corn starch
only as a control. The substrate concentration (corn starch) added was 10 g/L. Probiotics added
was in the form of wet weight.
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7.3.5 Bacterial community in probiotics
In order to investigate how by applying selective enrichment conditions the initial rumen
inoculum changes to a more specific lactate fermenting culture, a metagenomic analysis of the
enrichment culture was carried out by analysing data after 0, 2, 4, 7 and 10 days of selective
enrichment. Results from a DNA sequence analysis showed that the microbial community
changed over time when lactate as the only substrate was added to the reactor (Figure7.5). After
10 days of the fermentation process, the key LUB that were enriched included Bacteroides,
Acinetobacter, Oscillospira, Clostridium, and Dysgonomonas. The results also showed that
Prevotella was the dominant bacterial genus present in the original rumen inoculum (0 day), but
then disappeared after 2 days of incubation. The same phenomenon occurred with Pseudomonas
which was also significantly represented in the original rumen inoculum, rapidly decreased to
being a minor species after 2 days.
It is interesting to see that the genus Clostridium, which was not significantly represented
in the original rumen inoculum (day 0), rapidly built up to be a dominating species after 2 days,
but then continuously declined to low levels in the 10 days of enrichment.

The same

phenomenon occurred with the Acinetobacter and Oscillospira, which were not dominant species
in the original rumen inoculum, but rapidly increased to be a dominant species after 2 days
(Acinetobacter) and 4 days (Oscillospira), and then decreased to form a small proportion of the
colonyin the course of the rest of the 10 days. It was different with Bacteroides and
Dysgonomonas which continuously built up to become the dominant species after 2 days of the
enrichment process, and remained the dominant bacterial genus at Day 10. It is also interesting to
note that Sporanaerobacter was the dominant species after 10 days of the enrichment process

141

even though this bacterial genus was not significantly represented in the original inoculum and
started to grow at Day 7 of the enrichment process.
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Figure 7.5: Relative abundance of microbial community at genus-level taxonomy from fedbatch system fed with 100 mM sodium lactate. Only genera comprising at least 1% of the
communities are listed; others are included in the ‗‗other‖ category, which also includes some
microbes that could not be classified at the genus level. Family level with the high percentage (>
5%) was included as unclassified with family level.
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7.4 Discussion
Breeding LUB from rumen fluid for use as probiotics can benefit the cattle industry,
because probiotics can be used as a supplement to prevent lactic acidosis when ruminants are fed
with readily fermentable carbohydrates. Probiotics produced from this research in the form of
LUB pellets successfully prevented lactic acidosis (Figure 7.2-7.4). This is because the
probiotics produced in the current study contained various bacterial genera of bacteria with
known lactate fermenting bacteria as described below.

7.4.1 Bacterial genera found to develop during enrichment of probiotic mixed culture
The bacterial genera present in the probiotics (Figure 7.5) that are classified as the
species of obligate anaerobes are Bacteroides, Clostridium, Oscillospira, Veillonella, and
Desulfovibrio (Schultz and Breznak, 1979; Jean et al., 2004; Ramel et al., 2015; Pustelny et al.,
2015; Gophna et al., 2017), while the species of facultative anaerobes include Dysgonomonas,
Acinetobacter and Pseudomonas (Lawson et al. 2002; Leung et al., 2001). Rios-Covian et al.
(2013) revealed that some species of Bacteroides such as Bacteroides thetaiotaomicron and
Bacteroides fragilis fermented lactate and produced propionate as the main fermentation endproduct.

7.4.2 Potential lactate fermenting species within the probiotic enrichment
Clostridium propionicum is the species of Clostridium known as a propionate producer
that can ferment lactate to form propionate as the main metabolite (Stams et al., 1998).Tsurumi
et al. (2000) found that Desulfovibrio vulgaris is the species of Desulfovibrio that can ferment
lactate to produce propionate and acetate as the main metabolites. It can either use sulphate or
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protons as electron acceptor. In the latter case it acts as syntrophic, hydrogen producing
acetogen. Some species of Dysgonomonas including Dysgonomonas alginatilytica sp. nov and
Dysgonomonas capnocytophagoides are found as the VFA producers that also can ferment
lactate to produce propionate and acetate as the main metabolites. Veillonella spp. is also known
as the lactate utilising bacteria present in the rumen that could ferment lactate to produce acetate
and propionate as the fermentation end-products (Mackie and Gilchrist, 1979; Mashima and
Nakazawa, 2015).

7.4.3 Metagenomic baseline results compared to literature
Results from the metagenomic sequencing analysis showed that Prevotella was the key
bacterial genus present in the original rumen inoculum (0 day) (Figure 7.5). This is in line with
previous studies that reported that Prevotella is the key species present in rumen fluid of the
ruminants consuming starch-based feeds (Tajima et al., 2001; Hernandez et al., 2008; Asma et
al., 2013). As the obligate anaerobic bacteria, Prevotella is the species that is classified as the
lactic acid producing bacteria in the rumen microflora (Hernandez et al., 2008; Ulrich et al.,
2010) and hence would be expected to be a contributor to acidosis rather than a remediating
organism. As expected Prevotella did not sustain in the lactate enrichment culture but rather
diminished over time (Figure 7.5).
An interesting result revealed from this current study is that Pseudomonas a genus largely
known as aerobic bacterium was also found as major bacterial genus present in the original
rumen inoculum. However, this is not entirely new or unknown: Duncan et al. (1999) also found
that Pseudomonas particularly Pseudomonas aeruginosa was a major species presents in the
rumen fluid of the ruminant consuming hay and grain (barley). Vyas and Gulati (2009) revealed
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that some species of Pseudomonas such Pseudomonas fluorescens, Pseudomonas poae,
Pseudomonas trivialis are considered as the lactic acid producing bacteria, and can ferment corn
starch to produce lactic acid and formic acid. Unlike Prevotella which disappeared after 2 days
of incubation, Pseudomonas was still present in the enrichment culture after 10 days of
incubation (Figure 7.5). This is because some species of Pseudomonas such as Pseudomonas
aeruginosa and Pseudomonas putida can also utilise lactate as the energy source and produce
acetate and pyruvate as the main metabolites (Eschbach et al., 2004; Glasser et al., 2014; Lai et
al., 2016).

7.4.4 Effectiveness of LUB as probiotics compared to literature
Some studies have reported that Selenomonas ruminantium can ferment lactic acid
(Nisbet and Martin, 1990; Chaucheyras et al., 1996). However, in the current research, the
bacteria genus of Selenomonas did not enrich the culture with lactate as the sole energy source.
Nagaraja and Taylor (1987) observed that Selenomonas ruminantium is the rumen bacteria that
can produce lactic acid, and this could be the reason why this bacterium did not grow with lactate
as the only substrate. Some studies also found that in a starch rich diet, Selenomonas
ruminantium grows rapidly in the rumen to produce lactic acid (Al Jassim et al., 1999; Al Jassim
et al., 2003). Considering these observations it would be potentially undesirable for rumen
probiotics to be based on Selenomonas ruminantium as it could in principle contribute to
acidosis.
Furthermore, some studies reported that Propionibacterium can convert lactate to form
propionate and acetate (Stein at al., 2006; Piveteau, 1999; Crow, 1987), but they found that this
bacterium cannot grow well at low pH (< 5.5). Other studies have found that addition of
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Propionibacterium to the rumen after lactic acidosis had occurred did not remove lactic acid
(Ghorbani et al., 2002; Lettat et al., 2012). This is because low pH in the rumen can inhibit the
growth of Propionibacterium. In the current study, probiotics added to rumen after acute acidosis
was induced successfully removed lactic acid. This was possible because the probiotic produced
in this study contained various types of lactic acid utilising bacteria (Figure 7.5) that, being quite
acid tolerant, had the ability to convert lactic acid into VFA at pH between 5.2 and 5.5 (Figure
7.3A and 7.4A). This effect could be further enhanced by selectively enriching even more acid
tolerant anaerobic lactate degraders under acidic enrichment conditions.

7.4.5 VFA formation in the rumen fermenting starch caused by probiotics addition
The current study also showed that the addition of probiotics to rumen culture fermenting
starch produced a high concentration of VFA (acetate and propionate), and therefore pH in the
rumen culture was at a low level (pH 5.5). Olson (1997) revealed that ruminal pH at 5.5 is still
close to the pH level of subacute ruminal acidosis (SARA). Some studies have found that SARA
could occur when there was an accumulation of VFA in the rumen (Garrett et al., 1999; Martin et
al., 2006; Lettat et al., 2010). The fact that the rumen can take up VFA in the blood stream could
possibly mean that in vivo the VFA level may be less pronounced. This would need to be tested
with follow up animal studies.
Although the supplementation of probiotics in the rumen culture fermenting starch did
not restore rumen pH to a normal pH level (pH 5.8-7.2) (Olson, 1997; Owen et al., 1998; Kolver
and De Veth, 2002), the treatment of ruminal lactic acidosis by supplementing probiotics was
more effective (Figure 7.4A) than just buffer addition (Figure 7.4C). This is because
supplemented buffers only help to adjust rumen pH to a normal level but did not remove lactic
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acid accumulation (Figure7.4C). Furthermore, once the risk of acute ruminal lactic acidosis
arises, the population of lactate utilising bacteria in the rumen would decrease (Nocek, 1997;
Lettat et al., 2012), and supplementation of LUB probiotics is required to accelerate the
degradation of lactic acid accumulated in the rumen.

7.4.6 LUB combined with buffer for preventing ruminal lactic acidosis
The results from the current study showed that the use of LUB with Mg(OH)2 buffer may
be a feasible therapy for ruminal lactic acidosis, because probiotics combined with buffer
addition not only rapidly removed lactic acid but also assisted pH recovery from the level of
SARA (pH<5.5) to the normal pH level for rumen (5.8 – 7.2) (Nocek, 1997; Owen, 1998). The
results of the current study also suggested that the use of Mg(OH)2 buffer could reduce the need
for an excessive amount of added LUB to prevent lactic acidosis (Figure7.3C and 7.4B).
Smith and Correa (2004) found that Mg(OH)2 has a strong alkalinizing effect on rumen
pH, and so the supplementation of this base in the diet of ruminants should be monitored
carefully. They reported that the addition of 40 mM Mg(OH)2increased rumen pH to 8.43. The
increase in pH led to metabolic alkalosis in the rumen, resulting in a decrease of rumen microbial
activity. An in vivo study by Boukila et al (1995) revealed that the supplementation of 12 mM
Mg(OH)2 to ruminants fed with starch enhanced the systemic acid-base status of the ruminants
(sheep), and no symptoms of metabolic alkalosis was found. In the current study, Mg(OH)2 used
was 20 mM, and pH in the rumen culture was maintained in the range between 5.7 and 7.0,
which is regarded as the optimum pH for rumen microbial activity (Kolver and De Veth, 2002;
Franzolin and Dehority, 2010), and the addition of probiotics was necessary so as to avoid the
use of an excessive amount of magnesium hydroxide to prevent lactic acidosis.
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7.5 Conclusion
This study shows that the addition of LUB pellet probiotic to rumen culture fermenting
starch can successfully prevent lactic acidosis. The LUB pellets can also be used as therapy for
rumen affected by lactic acidosis. Adding a small amount of LUB pellets and buffer can remove
lactic acid faster than the addition of LUB pellets only. The use of a low concentration of
Mg(OH)2 buffer can reduce the need for an excessive amount of LUB for preventing and treating
rumen lactic acidosis. Metagenomic analysis shows that a group of mixed rumen LUB developed
as the potential probiotic which may have benefits and problems when it comes to its potential
application.
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Chapter 8
Conclusions and Recommendations for Further Work
8.1 Outcomes versus Objectives
Overall, this thesis has explored the production and control of fermentation end-products
during mixed-microbial carbohydrate fermentations. Typically fermentation of carbohydrates
results in a mixture of organic acids including alcohols, volatile fatty acids (acetic, propionic and
butyric acids) and lactic acid. As lactic acid is considered one of the key fermentation end
products from anaerobic acid stage fermentation, the monitoring of this organic acid in anaerobic
acid stage fermentation process is essential. Hence, one of the objectives of the thesis was to
modify the periodic acid method of lactic acid determination via GC (Chapter 1). The method
could simultaneously detect VFA, acetone, butanol and ethanol together with lactic acid, and
hence would provide a simpler and more economical way of carrying out routine analysis in the
waste industry as well as in rumen digestion trials where lactic acid production needs to be
controlled.
Another objective of the thesis was to investigate the effect of operating conditions and
type of carbohydrate used on fermentation end products in both batch and chemostat trials using
microbial mixed cultures from activated sludge and anaerobic digester sludge. Under
uncontrolled pH, the substrate containing glucose tended to form ethanol as the main metabolite
while starch fermentation tended to produce lactic acid as the main fermentation end-product.
This phenomenon occurred not only in batch tests but also in chemostat trials. Different feeding
regimes and substrate availability (shock load versus continuous feeding) did not affect the
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production of ethanol as the main metabolite from glucose fermentation and lactic acid from
starch fermentation. However, shifts in feed composition from starch to glucose resulted in an
immediate change of fermentation pattern from lactic acid to ethanol-type fermentation and vice
versa.
The third objective of this thesis was to investigate the anaerobic acidification
characteristics of maltose in comparison to glucose. This study revealed that under uncontrolled
pH, maltose fermentation tended to stop once pH culture dropped to below 5, while fermentation
of glucose continued and produced ethanol as the main end-product. Under controlled pH (pH
between 5 and 7), complete fermentation of maltose occurred and generated a fermentation
pattern similar to glucose fermentation.
The fourth objective of this thesis was to evaluate the fermentation of different types of
carbohydrates (sugars and starch) in relation to acidosis in vitro rumen. Acidosis occurred in
rumen culture fermenting carbohydrates within 8 hours of incubation. High acid build-up in
rumen culture fermenting carbohydrates was caused not only by the formation of lactic acid but
also resulted from the build-up of acetate alone or in mixture with ethanol. Microbial community
analysis on rumen culture revealed that the lactate producing bacteria Prevotella was the key
species present in the rumen microbiota.
The fifth objective was to selectively enrich lactate utilizing bacteria (LUB) from rumen
fluid by employing batch and continuous cultivation methods and to evaluate the enriched
bacteria‘s capacity to control rumen acidosis in in vitro experiments. The addition of a liquid
culture of LUB to a rumen culture that was producing lactic acid from fermentation of starch
resulted in the reduction of lactic acid. The LUB could also be used as a therapy to remove lactic
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acid accumulated in rumen by converting it into VFA and producing acetate and propionate as
the main metabolites.
The final objective of this thesis was to produce LUB probiotics in more concentrated
cultures by using a Fed-Batch system and test the application of concentrated cell pellets to
control ruminal lactic acidosis in vitro. The addition of probiotics to the rumen culture
fermenting corn starch successfully prevented lactic acid accumulation. The use of probiotics
with Mg(OH)2 buffer prevented lactic acid accumulation and rapidly degraded lactic acid in the
rumen. The combination of probiotics and buffer could obviate the use of an excessive amount of
LUB probiotics. DNA sequence analysis showed that the key LUB that were enriched from Fedbatch cultivation included Bacteroides, Acinetobacter, Oscillospira, Clostridium, Veillonella,
Desulfovibrio, Dysgonomonas, and Pseudomonas.

8.2 Recommendations for Further Study
In this final chapter, recommendations for future research based on the findings explained above
are presented.
 LUB probiotics produced from this research successfully prevented acute ruminal lactic
acidosis in vitro, and could also be used as therapy for rumen induced with acidosis by
removing lactic acid and converting it into VFA. It is recommended that the capability of
LUB probiotics for the prevention of ruminal lactic acidosis be tested in vivo.
 LUB probiotics produced from this research were enriched under neutral/close to the
neutral pH (6.5-7.5).It would be interesting to develop the LUB cultivation under acidic
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condition (pH < 5.5) in order to generate the LUB that are more tolerant to acidic
condition in the rumen fermentation.

 Fermentation of glucose in microbial mixed cultures using activated sludge and anaerobic
digestion under uncontrolled pH anaerobically produced ethanol as the main metabolite.
It would be interesting to investigate the fermentation of glucose in the human colon to
discover whether fermented glucose would also produce ethanol as the main fermentation
end-product, and if so, whether the ethanol produced is converted to short chain fatty
acids (e.g. acetate, propionate, and butyrate) that are more useful for human health.

8.3 Conclusions
The study of the different types of soluble and soluble carbohydrates fermented with
mixed microbial cultures could provide an overview about the shift of metabolism during the
fermentation process. This present study revealed that the type of carbohydrates could
significantly determine the end-product formation. Further, the generic finding that the type of
carbohydrate used can strongly affect fermentation outcomes has potential significance in acid
stage fermentation as a pre-treatment to anaerobic digestion. The current study revealed that
when using mixed microbial consortia (activated, anaerobic digestion sludge and fecal
suspension), ethanol was naturally produced from the fermentation of glucose while lactic acid
was the main metabolite from the natural fermentation of starch and maltose. In anaerobic
digestion the formation of ethanol as an intermediate product is more favorable than lactic acid
formation. This is because lactic acid formation could result in the accumulation of propionic
acid. In anaerobic digestion the conversion of propionate is thermodynamically difficult (Wang
et al., 2009) and known to be relatively slow. This is partly due to the low hydrogen
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concentrations required to enable its conversion to acetate. Propionate build-up may lead to the
failure of anaerobic digestion while ethanol can be converted into acetate (Uellendahl and
Ahring, 2010) and it also can be extracted for biofuel production.
The results of the current study also suggested that lactic acid produced from the
fermentation of starch could stop the fermentation process due to acidic effect and result in
unconverted maltose into glucose, and thereby starch could not be completely fermented and
may be preserved. This phenomenon can then explain the known microbial effects in food
preservation (e.g. sauerkraut, kimchi, silage and pickled foods) with deliberate lactic acid buildup from fermentation of those sugars, such as maltose and lactose that this study shows to lead to
lactic acid fermentation. The results of the current study also provides explanations for the
difficulty of natural starch fermentation into ethanol explaining why conversion of starch into
ethanol typically requires the addition of yeast, or sterile conditions and/or enzyme addition to
prevent lactic acid bacteria from taking over (Shigechi et al., 2004; Jeon et al., 2007).
According to the current study producing lactic acid from glucose, sucrose or fructose
would be difficult to achieve in natural fermentation. This is because those types of sugars
fermented naturally produce ethanol as known in wine and beer production. Thus, the production
of lactic acid from these sugars may require sterile conditions or the addition of lactic acid
bacteria in order to avoid contamination of yeast that easily converts the sugars into ethanol.
In rumen microbiota fermentation of starch could easily form lactic acid as the main
metabolite. Starch fermented in the rumen also cannot be fully converted into end-products when
there is lactic acid build-up in the rumen. Acidosis acts similar to the desired food preservation
via lactic acid preservation. This also indicates that starch consumed by ruminants may not be
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fully converted into organic acids required as an energy source of ruminants (Bergman, 1990),
suggesting that excess starch consumed by ruminants not only causes acidosis but also causes
the lack of energy obtained by ruminants when lactic acid is formed suppressing the fermentation
of starch.
Overall results from this study revealed that the type of sugar used rather than cultivation
conditions can determine whether lactic or ethanolic fermentation is predominant. If a sugar
favours lactic acid production then it also favours the growth of lactic acid bacteria (LAB). In
terms of human intestinal microbiome the presence of lactic acid bacteria is considered desirable
(Gorbach, 1990). For this reason lactic acid cultures (e.g. Lactobacillus acidophilus,
Lactobacillus bulgaricus) are being used as probiotics (Bogdanov et al., 1977; Goldin and
Gorbach, 1980; Goldin and Gorbach, 1984). Consequently sugars that favour LAB can be seen
as having a ―prebiotic effect‖. Prebiotics are food ingredients that induce the growth of useful
bacteria, and it would beneficially affect the host health (Gibson and Roberfroid, 1995). This
would suggest that diets rich in starch, lactose or maltose promote more the growth of lactic acid
bacteria versus diets rich in sucrose or fructose or glucose (such as high-fructose corn syrup
based products).
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