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Abstract

Branched-chain fatty acids (BCFAs) are a unique class of saturated fatty acids with
methyl branches, found primarily in ruminant-derived foods such as milk and meat, and
are thought to offer potential health benefits to humans. While BCFA biosynthesis from
branched-chain amino acids (BCAAs) is well established in certain bacterial species, it
remains poorly characterized in the rumen environment. Accordingly, the overarching goal
of this thesis was to investigate how supplementation with two BCAAs, isoleucine and
valine, influences the microbial synthesis of their structurally related BCFAs: odd-chain
anteiso-BCFAs and even-chain iso-BCFAs, respectively.

First, to better support continuous culture fermenter (CCF) studies, a previously
described filter design was modified to improve protozoal retention and maintain
community structure. A novel reusable 3D-printed filter system was developed and
validated over a 10-day period, in which models fitted with either a nylon bag or a
polyurethane sponge were compared. The sponge filter maintained a protozoal composition
more similar to the rumen inoculum, with entodiniomorphid protozoa comprising 85% of
the total population compared to only 10% with the nylon bag and proved structurally
stable and reusable.

Subsequently, using this improved filter system, two 4 x 4 Latin square experiments
were conducted, each with four 10-day periods and increasing doses of either isoleucine
(0.65 -2.60 g/day) or valine (1.03-4.12 g/day). Fermenter contents and overflow effluent
were analyzed to assess the fatty acid profile in bacterial and protozoal membranes,
microbial community structure, fermentation parameters, and digestibility. Isoleucine
supplementation resulted in a quadratic increase in total odd-chain anteiso-BCFAs and
anteiso-15:0 in bacterial membranes. In contrast, only anteiso-15:0 showed a quadratic
increase in protozoal membranes. Synthesis in both microbial membranes peaked at 1.95
g/d. Valine supplementation led to a linear increase in total even-chain iso-BCFAs, iso-
14:0, and iso-16:0 in bacterial membranes, while in protozoal membranes only iso-14:0
increased linearly. Peak levels of BCFAs in both microbial membranes occurred at 4.12
g/d. Microbial community structures within CCFs were largely unaftfected by BCAA
supplementation, and no changes were observed in fermentation parameters or
digestibility.

Together, this work refines CCF methodology and advances the understanding of
ruminal BCFA synthesis, establishing an experimental framework for dietary strategies to
enhance BCFA content in ruminant products. Future research should validate these findings
in vivo and explore interactions with other dietary components, informing precision feeding
approaches to improve the nutritional quality and potential health benefits of dairy and
meat products.
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Chapter 1: Branched-chain Fatty Acids — Their Relation to Rumen Function and

Human Health

1.1. Introduction

The microbial community in the rumen is responsible for a wide range of metabolic
processes, including the synthesis and transformation of lipids. Microbial lipid
metabolism includes the biosynthesis of membrane lipids, notably the formation of
branched-chain fatty acids (BCFA) that contribute to membrane homeostasis (Hauser et
al. 1979; Or-Rashid et al., 2007). Among these, BCFAs represent a unique class of
membrane-associated fatty acids (FAs) that are typically abundant in microbial
membranes and are considered essential for proper membrane function (Kaneda, 1977,
Hauser et al., 1979). Ruminant-derived products such as milk and meat are the main
source of branched-chain fatty acids (BCFAs) in the human diet (Ran-Ressler et al.,
2014). Importantly, BCFAs have also been associated with various human health benefits
(Taormina et al. 2020). This review aims to provide an in-depth examination of BCFAs in
rumen microbial membranes, as well as their relationship to rumen function and potential

implications for human health.

1.2. The Rumen Microbial Community

The rumen harbors a complex microbial population composed of bacteria, protozoa,
archaea, and fungi. The relationship between the ruminant host and its resident
microorganisms is symbiotic: microbes are essential for the breakdown of otherwise
indigestible plant material into energy-rich components for use by the animal. This

relationship allows ruminants to convert low-quality forage into high-quality products



such as meat and milk for human consumption. The composition and activity of the
rumen microbiota are dynamic and can be affected by factors such as diet, host genetics,

and environmental conditions (Jiao et al., 2015; Cersosimo et al., 2016).
1.2.1. Bacteria

Bacteria are the most abundant rumen microorganisms with estimated concentrations of
10'°-10" cells/mL (Leedle et al., 1982). The dominant bacterial phyla in the rumen
include Bacteroidetes, Firmicutes, and Proteobacteria (Zhang et al., 2017), with
Bacteroidetes and Firmicutes comprising approximately 52% and 42%, respectively, of
the total bacterial community (Bainbridge et al., 2018). Prevotella, Succiniclasticum,
Butyrivibrio, and Ruminococcus are the four most prevalent bacterial genera identified in
rumen samples in descending order of abundance (Zhang et al., 2017). Rumen bacteria
are broadly classified based on their enzymatic activity into cellulolytic and amylolytic
groups. Cellulolytic species include Buyrivibrio, Ruminococcus, and Fibrobacter, while
amylolytic species include Prevotella, Succiniclasticum, and Selenomas (Zhang et al.,

2017).
1.2.2. Protozoa

Protozoa are numerically less abundant than bacteria occurring at concentrations of 10%-
10° cells/mL but contribute up to 50% of the total microbial biomass in the rumen due to
their larger cell size (Clarke, 1965; Williams and Coleman, 1992). Approximately 95% of
the protozoal population belongs to the order Entodiniomorphid (Cersosimo et al., 2016).
The most abundant genera include Entodinium, Epidinium, Eudiplodinium,

Ostracodinium, Isotricha, and Metadinium (Cersosimo et al., 2016; Zhang et al., 2017).



Rumen protozoa consume bacteria and ingest feed particles, storing both carbohydrates
sequestered from bacteria and starch granules from feed (Hackmann, 2017). These starch
reserves become available to the host when protozoa are washed out of the rumen and
pass to the duodenum, where they are digested and absorbed (Hackmann, 2017).
Additionally, members of the order Isotrichida contribute to maintaining anaerobic
conditions in the rumen by respiring small amounts of oxygen introduced with feed and

water (Williams and Coleman, 1992; Hackmann, 2017).
1.2.3. Fungi and Archaea

Rumen fungi account for approximately 10% of the total microbial biomass (Krause et
al., 2013), corresponding to 10°-10° zoospores/mL of rumen fluid (Orpin, 1975). Most
rumen fungi in both pre- and postpartum cows belong to the phyla Ascomycota,
Basidiomycota, and Neocallimastigomycota (Kumar et al., 2015). Within
Neocallimastigomycota, six major genera have been identified: Neocallimastix,
Piromyces, Caecomyces, Orpinomyces, Anaeromyces, and Cyllamyces (Kumar et al.,
2015). Genera Caecomyces and Cyllamyces have been shown to associate with bacteria
from the phyla Bacteroidetes and Firmicutes (Kumar et al., 2015). Fungi contribute to
feed degradation in the rumen through the secretion of plant wall-degrading enzymes,
including cellulases, hemicellulases, and xylanases (Akin and Borneman, 1990).
Additionally, fungi produce hydrogen as a byproduct of plant breakdown, which serves as
a substrate for other microbial communities involved in ruminal metabolism (Matthews

etal., 2019).

Archaea represent a smaller fraction of the rumen microbiota, comprising approximately

0.3-3.3% of total microbial small subunit RNA (Kumar et al., 2015). The dominant
3



archaeal phylum in the rumen is Euryarchaeota (Kumar et al., 2015). The two most
abundant archaeal genera identified are Methanobrevibacter and Methanosphaera (Zhang
et al., 2017). Archaea are also known as methanogens, as they produce methane by
reducing carbon dioxide with hydrogen (Hook et al., 2010). Methane production plays a
key role in maintaining low hydrogen levels in the rumen, thereby promoting more

favorable conditions for fermentation (Ishler et al., 1996).

1.3. The Structure and Function of BCFAs

Branched-chain fatty acids are saturated fatty acids (SFAs) with one or more methyl
branch(es) on the carbon chain (Figure 1.1). Monomethyl BCFAs, ranging from 14-17
carbons in length, are the most abundant BCFAs present in both rumen microbes and
ruminant products (Or-Rashid et al., 2011; Ran-Ressler et al., 2011). iso-BCFAs feature a
methyl group branching off the penultimate carbon, or the second carbon from the end in
the carbon chain, whereas anteiso-BCFAs have a methyl group branching off the
antepenultimate carbon, or the third carbon from the end in the carbon chain (Taormina et

al., 2020).

Branched-chain fatty acids are important constituents in the cell membrane of rumen
microbes, where they contribute to the fluidity and permeability of the membrane and
function to maintain homeostasis (Kaneda, 1991). Appropriate membrane fluidity is vital
for the success of bacteria, and is a prerequisite for growth (Kaneda, 1991). The methyl
group of BCFAs disrupts the orderly packing of membrane lipids, functioning similar to
that of a double bond in unsaturated fatty acids (Hauser et al., 1979). This function is
supported by observations made in Bacillus species, which contain little to no unsaturated

fatty acids but large amounts of BCFAs (Kaneda, 1967). anteiso-BCFAs provide greater
4



membrane fluidity compared to their iso counterparts, as they pack less readily together
(Hauser et al., 1979) and have an overall lower melting point (Weitkamp et al., 1945).
anteiso-BCFAs have an average melting point of 22°C while iso-BCFAs have an average
melting of 31°C-53°C higher than the corresponding anteiso-BCFAs (Weitkamp et al.,
1945). anteiso-17:0 has been associated with greater maintenance of membrane fluidity
(Kaneda, 1977). Vlaeminck et al. (2006a) observed an increase in anteiso-17:0
proportions in milk in response to a dietary crude protein (CP) deficit; the authors of this
study suggested that bacteria may increase the synthesis of anteiso-17:0 as a defense
mechanism to maintain fluidity in a stressful environment. BCFAs may additionally serve
as a form of surface coating for bacteria, forming a film on the exterior of the membrane

and offering further protection from the environment (Kaneda, 1977).

1.4. The Biosynthesis of BCFAs

In bacteria, BCFAs are synthesized from several primer sources (Kaneda, 1991).
Branched-chain amino acids (i.e., leucine, isoleucine, and valine) are primary precursors
for the biosynthesis of BCFAs (Figure 1.2: Kaneda, 1977). Bacteria that can utilize
branched-chain amino acids (BCAAs) use those either sourced from the diet or
synthesized by other rumen bacteria (Dehority et al., 1958). The link between BCAAs
and BCFAs was first observed by Kaneda (1966a) in cell cultures of Bacillus subtilis,
when all 20 common amino acids (including BCAAs) were included in culture media to
examine their inclusion rate. BCFAs were not detected in cell cultures when a BCAA-
poor growth medium was used (Kaneda, 1963a). The BCAA transferase catalyzes the
deamination of the amine group from the BCA As resulting in branched-chain a-keto

acids (Harper et al., 1984). Branched-chain a-keto acids include a-ketoisovalerate, a-



ketoisocaproate, and L-a-keto-B-methylvalerate (Harper et al, 1984). Branched-chain-a-
ketoacid dehydrogenase catalyzes the decarboxylation of each branched-chain a-keto
acid to its respective branched short-chain acyl-CoA ester, including isobutyryl-CoA,
isovaleryl-CoA, and 2-methylbutyryl-CoA (Harper et al., 1984). Notably, neither
branched-chain a-keto acids nor branched short-chain acyl-CoA esters were identified in
cell cultures lacking BCA As, further supporting the theory that BCAAs are metabolic
precursors of these compounds (Kaneda, 1963b). Branched short-chain acyl-CoA esters
are elongated to BCFAs via BCFA synthase, which utilizes malonyl-CoA as the chain
extender (Kaneda et al., 1991). The BCFAs that result from this pathway include even
chain iso-BCFAs (iso-14:0 and iso-16:0) from valine, odd chain iso-BCFAs (iso-15:0 and
iso-17:0) from leucine, and odd chain anteiso-BCFAs (anteiso-15:0 and anteiso-17:0)
from isoleucine (Figure 1.2; Kaneda, 1977). Recently, supplementation of leucine in the
diets of dairy cows outlined the biosynthesis of BCFAs resulting from BCAA
supplementation in the rumen microbiome (Sun et al., 2025). Supplementation of leucine
increased the proportion of total BCFAs in the membranes of rumen microbial lipids (Sun

et al., 2025).

An alternative primer source for the synthesis of BCFAs are branched short-chain
carboxylic acids, also known as BCVFAs (Kaneda, 1991). Branched-chain volatile fatty
acids are exogenously sourced precursors derived from other species of rumen bacteria
capable of metabolizing BCAAs (Figure 1.2) (Kaneda, 1991; Miura et al., 1980). Certain
species of bacteria utilize BCVFAs as precursors for growth; these bacterial species are
incapable of using BCAAs as primer sources (Allison et al., 1958). Isobutyric, isovaleric,

and 2-methylbutyric acid are included as types of BCVFAs (Kaneda, 1991) and can be



either used to resynthesize BCAAs from which they were derived or transformed into
their related CoA-esters prior to their use to yield structurally related BCFAs (Allison,
1969; Kaneda, 1971). Branched-chain volatile fatty acids are elongated to their respective
BCFAs via BCFA synthase, utilizing malonyl-CoA as the chain extender (Kaneda, 1971).
More research is necessary to confirm the synthesis of BCFAs from both BCAAs and

BCVFAs particularly in mixed rumen bacteria.

1.4.1. BCFA Metabolism

The synthesis of BCFAs is dependent upon both the availability and amount of precursors
present (Kaneda, 1977). Precursors can include BCAAs, branched-chain a-keto acids,
branched short-chain acyl-CoA esters, and BCVFAs. The availability of precursors can
differ depending upon physiological (e.g., genetic characteristics) and environmental
(e.g., pH) conditions (Kaneda, 1977). The addition of a BCAA precursor increased the
synthesis of structurally related BCFAs in cultures of Bacillus subtilis and decreased the
synthesis of other pairs of BCFAs (Kaneda, 1966a). Namely, the supplementation of
isoleucine at concentrations of 0.2 and 1.0 mM increased the proportion of anteiso-15:0
by 52% and 57%, respectively, and increased the proportion of anteiso-17:0 by 150% and
231%, respectively (Kaneda, 1966b). Valine supplemented at concentrations of 0.1 and
1.0 mM increased the synthesis of iso-14:0 and iso-16:0 by approximately 50% and
200%, respectively (Kaneda, 1966b). Supplementation of leucine resulted in a 50%
increase in activity, based on the synthesis of iso-15:0 and iso-17:0 (Kaneda, 1963c).
Supplementation of leucine in the diet of dairy cows increased proportions of iso-13:0,
iso-15:0, anteiso-15:0, and iso-16:0 in rumen microbial membrane lipids (Sun et al.,

2025). While these increases are not stereospecific, indicating a general increase in



BCFAs resulting from leucine supplementation, it is a notable observation of BCFA

metabolism within the rumen environment.

The incorporation of branched-chain a-keto acids into structurally related BCFAs has
been investigated in species of B. subtilis, in which the activity of the dehydrogenase
enzyme was measured (Kaneda, 1973). a-keto-B-methylvalerate was most effectively
converted to its structurally related products (i.e., anteiso-15:0, anteiso-17:0), with a
dehydrogenase activity of 4.6% (Kaneda, 1973). Addition of a-keto-isocaproate yielded a
dehydrogenase activity of 2.3% and a-keto-isovalerate was the least effective with a

dehydrogenase activity of 1.0% (Kaneda, 1973).

Branched-chain volatile fatty acids substrates increase the synthesis of structurally related
BCFAs in a comparable manner to that of BCAAs (Kaneda, 1966b). Isobutyrate added to
cultures of B. subtilis was most effectively converted to its structurally related products
(Kaneda, 1963b). When supplemented at a concentration of 0.5 mM, isobutyrate
increased proportions of iso-14:0 and iso-16:0 by 427% and 410%, respectively.
Supplemented at 0.5 mM, isovalerate increased proportions of iso-15:0 and iso-17:0 by
28% and 100%, respectively. 2-methylbutyrate supplemented at 0.5 mM increased
proportions of anteiso-15:0 and anteiso-17:0 by 5% and 115%, respectively. Based on the
associations observed between precursors (i.e., BCAAs, a-keto acids, BCVFAs) and
relative proportions of BCFAs in the membranes of Bacillus species (Kaneda, 1977),
BCFAs can be altered in response to exogenous precursors. In particular, supplementation
of isobutyrate and isoleucine to cultures of B. subtilis yielded the greatest increase in
structurally related BCFAs. More research is necessary to examine the effects of

supplementing metabolic precursors in mixed rumen microbial communities.



As mentioned previously, BCVFAs have been identified as a growth factor in a few
species of cellulolytic bacteria; both isovalerate and isobutyrate promoted growth in
Ruminococcus flavefaciens (Allison et al., 1958). For example, all strains of R.
flavefaciens require BCVFAs for growth, with a preference to isobutyrate and isovalerate
(Dehority et al., 1967). Three separate strains of Bacteroides succinogens in culture
required either isobutyric or 2-methylbutyric to grow (Dehority et al., 1967).
Furthermore, research conducted by Roman-Garcia et al. (2021) suggested that BCVFA
contribute to bacterial fibrolytic activity in the rumen environment. The combinations of
2-methylbutyrate and isobutyrate, isovalerate and 2-methylbutyrate, and all three
BCVFAs increased neutral detergent fiber (NDF) digestion in a rumen environment

(Roman-Garcia et al., 2021).

1.5. BCFA Proportions in Bacteria and Protozoa

The total proportion of BCFAs in rumen bacteria and protozoa membranes averages 9.9%
and 7.8%, respectively (Or-Rashid et al., 2007). Generally, rumen bacteria contain greater

average proportions of BCFAs compared to protozoa (Or-Rashid et al., 2007).

Bacteria

The unique BCFA profile corresponding with rumen bacteria can potentially be used as a
tool to differentiate bacterial communities (VIaeminck et al., 2004a). Differing profiles of
BCFAs correlate with liquid- and solid-associated bacteria in the rumen, as well as
cellulolytic and amylolytic communities within bacteria (Vlaeminck et al., 2004a;
Vlaeminck et al., 2006b). Cellulolytic bacteria associate closely with fibrous

material/solids in the rumen, while amylolytic bacteria are more commonly found in the



liquid portion of the rumen (De Mulder et al., 2016). Cellulolytic bacteria contain greater
proportions of iso-BCFAs; for example, Ruminococcus flavefaciens and Butyrivibrio
fibrisolvens are enriched in iso-17:0 (Itkovitz and Ragheb, 1968). Conversely, amylolytic
bacteria contain greater proportions of anteiso-BCFAs; for example, Prevotella
ruminicola and Ruminobacter amilophilus are enriched in anteiso-15:0 (Ifkovitz and
Ragheb, 1968; Wang et al., 2012). This trend of amylolytic bacteria containing greater
proportions of anteiso-BCFAs may be explained by the greater contribution that anteiso-
BCFAs have on membrane fluidity (Hauser et al., 1979). Vlaeminck et al. (2006b)
hypothesized that bacteria may possess a defense mechanism of increasing anteiso-BCFA
production to maintain fluidity in a stressful environment. Amylolytic bacteria produce
propionate (Ren et al., 2019), which contributes to lowering rumen pH (Calsamiglia et
al., 2008). Lower pH may create a stressful environment for amylolytic bacteria in the
liquid portion of the rumen, leading to an increase in production of anteiso-BCFAs to

effectively maintain membrane fluidity.

Cellulolytic and amylolytic groups of bacteria correspond with different volatile fatty
acid (VFA) profiles; amylolytic bacteria produce propionate as a product of fermentation,
while cellulolytic bacteria produce acetate (Ren et al., 2019). Both the type and
availability of starch in the diet can influence VFA amounts in the rumen, and
subsequently the community of cellulolytic and amylolytic bacteria (Vlaeminck et al.,
2004a). Large amounts of starch in the diet correspond with greater proportions of the
VFA propionate, while large amounts of NDF correspond with greater proportions of
acetate. Proportions of propionate in the rumen increased by a maximum of 19.91% in

response to an increase in dietary starch, corresponding with a 19.84% maximum
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increase in anteiso-15:0 proportions (Vlaeminck et al., 2004b). Proportions of acetate in
the rumen increased by a maximum of 6.19% in response to an increase in dietary NDF,
corresponding with a 9.03% maximum increase in iso-17:0 proportions (VIaeminck et al.,
2004b). Furthermore, Vlaeminck et al. (2006a) observed an increase in proportions of
is0-15:0, anteiso-15:0, iso-17:0, and anteiso-17:0 in bacteria when NDF amounts
increased with greater amounts of dietary forage. Most significantly, iso-15:0 in liquid-
associated bacteria increased from 1.67% to 3.37% when dietary forage increased from
35% to 80%, a 2-fold change (Vlaeminck et al., 2006b). These results further associate
amylolytic bacteria with anteiso-BCFAs, and cellulolytic bacteria with iso-BCFAs. These
connections may present an opportunity to correlate shifts in rumen fermentation
parameters and subsequently bacterial populations with proportions of BCFAs. Moreover,
these observations support the theory that a dietary increase in NDF leads to a greater

proportion of BCFAs due to an increase in cellulolytic bacteria (Vlaeminck et al., 2006b).

Beyond associating BCFAs with communities of bacteria, the broad identification of a
bacterial species based on its membrane profile of BCFAs has been accomplished in
species of Bacillus (Kaneda, 1977). Most species of Bacillus contain both iso- and
anteiso-BCFAs comprising 60-90% of their membrane lipids (Kaneda, 1963a). Species of
Bacillus can be grouped based upon the relative abundance of either anteiso-15:0 or iso-
15:0 in their membrane lipids (Kaneda, 1966a). Most Bacillus species, including B.
subtilis, can be grouped together based on their abundance of anteiso-15:0. Three species
of Bacillus, including B. cereus, B. anthracis, and B. thurigiensis were grouped
separately due to their greater abundance of iso-15:0 (Kaneda et al., 1977). Proportions of

BCFAs in species of Bacillus can change according to physiological (e.g., growth phase)

11



and culture (e.g., temperature) conditions; notably, the proportion of anteiso-BCFAs
increased during the growth phase of B. subtilis and B. cereus (Kaneda, 1966a). Kaneda
(1977) postulated that this increase in anteiso-BCFAs may pertain to the prerequisite for
membrane fluidity required for growth in bacteria. Further research would show that
greater membrane fluidity is contributed by anteiso-BCFAs (Hauser et al., 1979), which
may explain the tendency of Bacillus to utilize anteiso-BCFAs during logarithmic phases
of growth. Kaneda (1972) noted that proportions of odd-numbered iso-BCFAs increased
when the temperature of the culture increased; the proportion of iso-15:0 in membrane
lipids of B. cereus increased from 16.1% to 22.8% when culture temperature increased
from 21°C to 32°C, respectively. The proportion of iso-17:0 in B. cereus increased from
10.9% to 15.1% when culture temperature increased from 21°C to 32°C, respectively
(Kaneda, 1972). Conversely, anteiso-BCFAs increased in B, cereus, B. subtilis, and B.
stearothermophilus when culture temperatures decreased (Kaneda, 1972). This greater
utilization of anteiso-BCFAs when culture temperatures decrease may indicate that

bacteria use these BCFAs to maintain fluidity in cooler environments (Kaneda, 1977).

In addition to species of Bacillus, species of rumen bacteria have been distinguished
according to BCFA profiles. Miyagawa (1982) isolated bacterial taxa directly from rumen
contents to identify their fatty acid composition (Table 1.1). The author identified the
genus and strain of the isolated bacteria based on morphology and metabolic products;
bacterial species were not noted. Out of ten bacterial genera identified, four genera
(Lachnospira, Bacteroides, Butyrivibrio, and Propionibacterium) had the greatest
proportion of BCFAs ranging from 18.4% (Lachnospira) to 81.4% (Propionibacterium).

Strain 1-7 of the genus Butyrivibrio contained a large proportion of iso-16:0, amounting
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to 20% of total membrane lipids. Strain 2-4-3 of the genus Propionibacterium contained
a substantial proportion of iso-15:0, amounting to 68% of total membrane lipids
(Miyagawa, 1982). Similarly, Minato et al. (1988) analyzed the fatty acid content,
including BCFAs, of seventeen rumen bacterial species grown in isolated cultures (Table
1.1). Eight species (i.e., Veillonella parvula, Bacteriodes succinogens, Bacteriodes
ruminicola, Bacteriodes ruminicola ss. brevis, Ruminococcus flavefaciens, Ruminococcus
bromii, Eubacterium ruminantium, and Ruminococcus albus) were found to contain
sizable proportions of total BCFAs, ranging from 23.5% (B. succinogenes) to 77.5% (R.
bromii). A substantial proportion of iso-15:0 (40.5%) was present in R. flavefaciens. B.
ruminicola contained a sizable proportion of anteiso-15:0 (35.5%), while R. bromii
contained a large proportion (26.7%) of anteiso-17:0 (Minato et al., 1988). Further
research is necessary to determine the unique BCFA profiles of the entire rumen bacterial
community. This may further allow for species identification based on BCFA profiles in
the rumen and could allow for the determination of species contribution towards total
BCFA amounts. Presently, hypotheses can be surmised of the relative cellulolytic and
amylolytic bacterial populations in the rumen based on connections between profiles of

BCFAs, diet composition, and fermentation parameters.

Recently, research into relationships between bacterial genera and lipid metabolism in the
rumen revealed bacterial species closely related to BCFA production in the rumen of beef
steers (Conte et al., 2022). Across both breeds, bacteria of the genus Ruminococcus and
members of the family Prevotellaceae, were positively correlated with the biosynthesis of
is0-13:0, iso-14:0, and iso-15:0 (Conte et al., 2022). Both species of bacteria are profiled

as cellulolytic, supporting the association between cellulolytic bacteria and production of
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iso-BCFAs made previously by Vlaeminck et al. (2006b). The identification of specific
bacterial species correlated with BCFA biosynthesis is promising and may lead to closer

identification of bacteria involved in the metabolism of BCFAs in the rumen.

Protozoa

The total proportion of BCFAs in protozoa is 1.27-fold lower than that in bacteria (Or-
Rashid et al., 2007). Total BCFAs in rumen protozoal membranes averaged 7.79%, while
iso-BCFAs and anteiso-BCFAs averaged 3.60% and 4.19%, respectively (Or-Rashid et
al., 2007). Breed and lactation stage did not affect the proportion of total BCFAs and iso-
BCFAs in protozoa, with total BCFAs averaging 4.29%, and iso-BCFAs averaging 2.19%
(Cersosimo et al., 2016). Breed, but not lactation stage, influenced anteiso-BCFAs, with
Holsteins averaging 2.04% and both Jersey and Holstein-Jersey crosses averaging 1.74%

(Cersosimo et al., 2016).

Or-Rashid et al. (2007) found both iso-17:0 and anteiso-17:0 proportions to be greater in
protozoal membranes compared to bacteria. The proportion of iso-17:0 in protozoal
membranes averaged 0.99% compared to 0.85% in bacteria, while the proportion of
anteiso-17:0 in protozoa averaged 2.88% compared to 1.41% in bacteria (Or-Rashid et
al., 2007). anteiso-17:0 was the most abundant BCFA in protozoal membranes (Or-
Rashid et al., 2007). Lactation stage influenced the proportion of iso-17:0 in protozoa,
which averaged 0.24% and 0.34% at 93 and 273 days in milk, respectively (Cersosimo et
al., 2016). Contrary to the results reported by Or-Rashid et al. (2007), anteiso-15:0 was
the most abundant BCFA in protozoal membranes in the study by Cersosimo et al.
(2016). Neither breed nor lactation stage affected the proportion of anteiso-15:0, which

averaged 1.01% (Cersosimo et al., 2016).
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BCFA proportions in rumen microbes increased when cows grazed on warm-season
forage (Bainbridge et al., 2016). The proportion of total BCFAs in protozoa ranged from
5.4% - 7.1% and was greater in cows fed warm-season forage. anteiso-17:0 remained the
dominant BCFA isomer detected in rumen protozoa (regardless of forage type), reaching
a maximum of 2.28%. Protozoal proportions of anteiso-15:0, iso-16:0 and anteiso-17:0
increased in cows fed warm-season forage (Bainbridge et al., 2018). These results,
demonstrated in protozoa, relate to the previously observed association between dietary
NDF levels and BCFA proportions in rumen bacteria. The percentage of NDF was greater
in warm-season forages compared to cool-season; this may further support the inference
that a dietary increase in NDF leads to an increase in cellulolytic bacteria and
subsequently BCFAs. Currently, there is limited information on the BCFA profiles of
specific protozoal communities or species. Further research may allow for connections to
be made between cooperative species of rumen bacteria and protozoa, and BCFA profiles

in response to dietary shifts (e.g., increased dietary NDF).

1.6. BCFAs in Dairy Products

The presence of BCFAs both in the rumen and in ruminant-derived products (i.e., milk
and meat) has been assumed to originate from de-novo microbial synthesis in the rumen,
as their occurrence is negligible in animal feeds (Wu and Palmquist, 1991). The presence
of BCFAs in dairy products is attributed to the flow of microbes out of the rumen to the
duodenum, where their membrane lipids are digested, absorbed, and subsequently
transported and incorporated into animal tissues (such as the mammary gland), and

ultimately into milk.

1.6.1. Differences in BCFA Content Between the Duodenum and Milk
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Dewhurst et al. (2007) demonstrated a weak relationship between the flow (g/d) of
BCFAs at the duodenum and their yield (g/d) in milk. In particular, the proportions of iso-
17:0 and anteiso-17:0 were found to be greater in milk than in duodenal contents
(Vlaeminck et al., 2015). Conversely, proportions of iso-14:0, iso-15:0, and anteiso-15:0
in the duodenum were greater than their respective proportions in milk (Vlaeminck et al.,
2015). The authors hypothesized that postruminal iso- and anteiso-BCFAs may result
from three potential sources, 1) de-novo synthesis of BCFAs from BCVFAs in the
mammary gland, ii) release of BCFAs from adipose tissue, or iii) chain elongation of
BCFAs (anteiso-15:0 to anteiso-17:0, iso-15:0 to iso-17:0 and iso-14:0 to iso-16:0) in
adipocytes or hepatocytes (Vlaeminck et al., 2015).

i) de-novo synthesis from BCVFAs in the mammary gland. The exact contribution of
BCVFAs to the de-novo synthesis of BCFAs in the mammary gland is currently
unknown. Prior research has investigated the effects of supplementing BCVFA
ammonium salts into the feed of dairy cows, along with infusing salts into both the rumen
and abomasum; milk fat percentages were not reported, but milk composition was not
affected by any treatment (Klusmeyer et al., 1987). More recent research has investigated
the supplementation of all three BCVFAs in equal amounts to mitigate milk fat
depression (MFD); supplementation did not result in an increase in milk BCFA
proportions (Copelin et al., 2021). Further research is necessary to determine the amount
of BCVFAs present in the mammary gland available for incorporation and use in BCFA
synthesis.

ii) Release of BCFAs from adipose tissue. Craninx et al. (2008) found that the adipose

tissue of dairy cows was enriched in iso-17:0 and anteiso-17:0 and observed the release
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of iso- and anteiso-17:0 BCFAs during adipose tissue mobilization. Adipose tissue
mobilization begins in dairy cows at the onset of lactation and continues into peak
lactation, subsequently altering the milk fatty acid profile (Craninx et al., 2008). The
dairy cows in the study conducted by Vlaeminck et al. (2015) were past peak lactation;
therefore, the contribution of BCFAs from adipose tissue mobilization was considered
negligible (Vlaeminck et al., 2015).

iii) Chain elongation of BCFAs (anteiso-15:0 to anteiso-17:0, iso-15:0 to iso-17:0 and
iso-14:0 to iso-16:0) in hepatocytes or adipocytes. Fatty acid elongation by two carbon
atoms is the final possibility to explain the higher milk proportions of BCFAs compared
to those in the duodenum. Vlaeminck et al. (2015) observed that plasma triacylglycerols
and non-esterified fatty acids (NEFA) contained greater proportions of iso-17:0 and
anteiso-17:0 BCFAs compared to duodenal samples. This observation, in combination
with the greater milk content of iso-17:0 and anteiso-17:0, may suggest that chain
elongation occurs prior to the uptake by the mammary gland (Vlaeminck et al., 2015).
Evidence of elongation has been supported by the identification of an elongation enzyme,
ELOVL-6, in human breast cancer cells incubated with BCFAs (Wang et al., 2019). This
enzyme catalyzed the elongation of anteiso-15:0 to anteiso-17:0 (Wang et al., 2019).
ELOVL-6 has previously been identified in both the liver and adipocytes of dairy cows
(Loor et al., 2007; Burns et al., 2012), potentially indicating BCFA elongation in these
locations (Vlaeminck et al., 2015). Further research into the elongation of BCFAs may
allow for predictions of milk fat proportions of BCFAs to be made based on rumen

conditions (Vlaeminck et al., 2015). The identification of this elongation enzyme furthers

17



the understanding of the pathway BCFAs follow from the rumen to the mammary gland,

supporting future research into improving the healthfulness of dairy products.

1.6.2. The Proportion of BCFAs in Milk and Dairy Products

Milk

The composition of BCFAs in milk is of particular interest due to the connections
between BCFAs and human health (see section 1.7.). Whole milk (3.25% milk fat)
contains on average 2% BCFA as a proportion of total FA, or 124 mg per serving (Ran-
Ressler et al., 2011). The total content of BCFAs differs between conventional, organic,
and n-3 fortified retail milk (Unger et al., 2020). Organic milk contains the greatest
amount of total BCFAs, providing on average 149 mg/serving, while conventional milk
contains almost 20% less, providing on average 124 mg BCFAs per serving (Unger et al.,
2020). BCFAs in milk occur in iso- and anteiso-structures, with carbon chain lengths

between 14 and 18 (Ran-Ressler et al., 2011).

Branched-chain fatty acids content and proportions in milk vary depending on the
composition of the diet (e.g., forage and concentrate amounts) and dietary supplements
(e.g., oils). Inclusion of low amounts of concentrate (1.5 kg/day) compared to high (3.0
kg/day) influenced total BCFA proportions in the milk of Simmental dairy cows
(Corazzin et al., 2019). Higher amounts of concentrate resulted in a 7% decrease in BCFA
proportions (3.58% to 3.32%; Corazzin et al., 2019). Patel et al. (2013) investigated the
effect of increasing the amount of grass silage in the diet of dairy cows from low (48%
grass silage) to high (84%) and found that total BCFAs in milk increased by 17% (1.23%

to 1.44%). Dietary proportions of NDF increased with grass silage inclusion (6.38 kg/d
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versus 8.13 kg/d), and the authors determined via multiple regression analysis, that NDF
was the dietary component that had the greatest effect on BCFA composition in milk,
likely reflecting shifts in cellulolytic bacteria communities in the rumen (Patel et al.,
2013). Similarly, the inclusion of cracked babassu coconut as an 80% replacement for
supplemental corn in the diet of pasture-fed dairy cows increased total BCFAs in milk by
23.18% (1.51% to 1.86%) (De Castro et al., 2021). The respective proportions of NDF
increased by 279.9% (113.9 to 432.7 g/kg), likely contributing to the observed increase in

total BCFAs (De Castro et al., 2021).

A meta-analysis of 14 nutritional trials investigated the effects of dietary lipid
supplements on milk BCFAs in ewes (Toral et al., 2020). Total BCFAs decreased by
~22% (12.18 to 9.55 g/kg) when diets included a supplementary lipid (e.g., plant oils,
marine oils) (Toral et al., 2020). Similarly, a previous study investigating the effects of
linseed oil supplementation into the diet of dairy cows observed in a decrease in total
milk BCFAs by 36.78% (2.42% to 1.53%) (Chilliard et al., 2009). Supplemental oils have
been shown to exhibit bacteriostatic effects on species of cellulolytic bacteria;
unsaturated fatty acids found in oils and lipid supplements damage cell membrane
integrity and stunt the growth of rumen bacteria (Maia et al., 2007). For instance,
cellulolytic bacteria did not grow in the presence of linoleic acid supplementation in cell
cultures, and coconut oil decreased the abundance of R. flavefaciens and F. succinogenes
in rumen fluid cultures (Maia et al., 2007; Patra and Zu, 2013). This inhibition is related
to the noted decrease in BCFAs when lipids are added to the diet of dairy cows, as the
proportion of BCFAs decreases when bacterial populations in the rumen decline

(Vlaeminck et al, 2004; Maia et al., 2007).
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Notably, recent research indicates the ability to enhance BCFAs content in milk by
supplementing BCAAs (Sun et al., 2025). Supplementation of leucine in the diet of dairy
cows resulted in an increase in iso-13:0, iso-15:0, anteiso-15:0, iso-16:0, iso-17:0,

anteiso-17:0, and total BCFA proportions in milk (Sun et al., 2025).

Dairy products

Many variables can influence the amount of BCFAs in dairy products (Table 1.2),
including cow lactation stage, breed, feeding practices and microbial activity within the
processing of the product itself (Bonanno et al., 2013; Ran-Ressler et al., 2014).
However, differences in BCFA proportions due to microbial activity (i.e., fermentation)
during processing may be negligible compared to dietary contributions. Bacterial species
involved in the production of fermented dairy products (e.g., yogurt and cheese) may
contain either large or small amounts of BCFAs, potentially resulting in a negligible
contribution to the final fatty acid profile (Ran-Ressler et al., 2014). In a study comparing
BCFA content across dairy products, yogurt contained the greatest total BCFAs (2.05 %
by weight), while mozzarella cheese contained the least (1.4%) (Ran-Ressler et al.,
2014). Branched-chain fatty acid amounts also vary between different cheeses, ranging
from 1.4% in mozzarella cheese to 2.05% in Swiss cheese. When BCFA proportions in
Caciocavallo cheeses from two different farms (differing in farming systems and
cheesemaking technologies) were compared, the farming system had the greatest effect
on BCFA proportions (Bonanno et al., 2013). Extensive farming systems, where cows
were pasture-fed, resulted in higher proportions of iso-15:0, anteiso-15:0, and iso-17:0 in

cheese (Bonanno et al., 2013). The authors hypothesized that differences in BCFAs
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resulted from higher dietary NDF levels in pasture-fed cows, which likely enhanced

BCFA synthesis via enrichment of cellulolytic bacteria (Bonanno et al., 2013).

Both breed and lactation stage also influence the proportions of BCFAs in the milk. A
study by Bainbridge et al. (2016) showed that milk from Holstein cows contained the
highest proportion of total BCFAs (0.70 g/kg) compared to Jersey cows (0.58 g/kg) and
crossbreeds (0.59 g/kg) at 5 days in milk. During the 95-275 days in milk, Jersey cows
had the highest total BCFA content, averaging 0.82 g/kg compared to 0.64 g/kg and 0.67
g/kg in Holstein and crossbreeds, respectively (Bainbridge et al., 2016). Total BCFAs
increased after 95 days in milk regardless of breed, from an average of 0.62 g/kg to 0.81
g/kg. The individual BCFAs iso-14:0, iso-15:0, anteiso-15:0, and iso-16:0 increased with
days in milk, while iso-17:0 and anteiso-17:0 decreased (Bainbridge et al., 2016). In a
similar study it was reported that iso-14:0, iso-15:0, anteiso-15:0, and iso-16:0 decreased
with advancing lactation stage, while iso-17:0 was unaffected (Craninx et al., 2008). The
differences noted within and between these studies highlight the variability in milk BCFA
content and composition, likely contributing to discrepancies in BCFA proportions across

dairy products.

Total and individual BCFA proportions also vary between ruminant species. Total BCFAs
in goat’s milk are often lower than in cow’s milk, although the BCFAs profiles are similar
(Table 1.2). A cluster analysis of milk samples grouped cow’s and goat’s milk together,
indicating a close relationship and similar BCFA “fingerprint” profile (Wang et al., 2022).
These similarities and differences are also observed in cheese products derived from
cow’s and goat’s milk. A study conducted by Wang et al. (2022), milk samples from cows

and goats had comparable BCFA contents, averaging 1.4-1.9%. The results from this
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comparative study suggests that despite numerical differences, the overall BCFA profiles

of cow’s and goat’s milk are similar (Wang et al., 2022).

1.6.3. Relationships Between BCFAs and Other Fatty Acids in Milk

Shifts in the rumen bacterial population can be reflected in the milk BCFAs profile and
may also correlate with changes in biohydrogenation intermediates (Valeminck et al.,
2006a). Vlaeminck et al. (2006a) compiled data from 52-99 published studies to
investigate the relationship between milk BCFAs, de novo-synthesized FA and C18 FA.
Milk proportions of iso-14:0, iso-15:0, and iso-16:0 were negatively correlated with
trans-9, trans-10, and cis-11 18:1 monoenes, while iso-17:0 was positively correlated
with these monoenes. Furthermore, milk proportions of iso-17:0, anteiso-15:0 and
anteiso-17:0 were negatively correlated with 18:0. The relationships observed suggest
that rumen conditions promoting the synthesis of iso-BCFAs with a carbon lengths of 14-
16 may be inhibitory to bacteria that hydrogenate polyunsaturated fatty acids (PUFA) to
trans monoenes (Harfoot and Hazlewood, 1997; Vlaeminck et al., 2006b). Similarly,
rumen conditions that favor iso-17:0 and anteiso-BCFAs may be inhibitory to bacteria
that convert trans-18:1 isomers to the saturated product 18:0 (Harfoot and Hazlewood,
1997; Vlaeminck et al., 2006B). The interrelationship between rumen environment,
bacterial species, and BCFA proportions may influence the hydrogenation of PUFA,
allowing for dietary interventions that enhance the healthfulness of milk. For example,
feeding a high-starch diet promotes the growth of amylolytic bacteria, which increases
the proportions of iso-17:0, anteiso-15:0 and anteiso-17:0. This shift may result in greater
milk proportions of monounsaturated FA (MUFA) and PUFA. Research investigating the

effect of diet (high vs. low forage) on milk BCFA found associations between BCFA and
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milk FA proportions (Picklo et al., 2022). Milk from cows fed a high-forage diet, which
produced greater proportions of BCFA, contained lower proportions of palmitic acid and
greater proportions of oleic acid (Picklo et al., 2022). This association is speculated to be

microbially mediated, as rumen bacteria likely favor oleic acid production, which may

also drive BCFA synthesis (Picklo et al., 2022).

BCFAs have also been associated with MFD across multiple studies (Mitchell et al.,
2023). When cows were fed a diet that induced MFD, all individual BCFA in milk
significantly decreased, except for iso-17:0 (Mitchell et al., 2023). This association
supports the potential use of BCFAs as biomarkers of rumen function and health,
including the detection of MFD. It is likely that rumen microbes responsible for BCFA
synthesis are similar to those that are sensitive to MFD-inducing conditions (Mitchell et

al., 2023).

1.7. Human Health Implications of BCFAs

The majority of BCFAs that humans consume are derived from ruminant products (Ran-
Ressler et al., 2014). The daily average intake of BCFAs in U.S. adults has been

estimated at 492 mg (Ran-Ressler et al., 2014).

BCFAs have been shown to exert anti-carcinogenic effects using human cancer cell lines.
Wongtangtintharn et al. (2004) investigated the antitumor activity of a variety of BCFAs
(is0-12:0-20:0 and anteiso-15:0) in a human breast cancer cell line (MCF-7) to determine
the relationship between structural characteristics (e.g., chain length and methyl branch
position) and biological activity. This study focused specifically on the potential of

BCFAs to inhibit FA biosynthesis of cancer cells, as malignant tissues express elevated
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levels of FA synthase, and inhibition of this enzyme may trigger apoptosis. The greatest
cytotoxic activity was observed for iso-16:0 at a concentration of 0.10 mM. Both iso-15:0
and anteiso-15:0 exerted cytotoxic activity at approximately 0.13 mM, and activity
increased over time. Further investigation into the ability of BCFAs to inhibit FA
synthesis in human breast cancer cells was conducted using iso-15:0 and the SKBR-3 cell
line; iso-15:0 decreased the FA biosynthesis of SKBR-3 cells. A similar experiment using
MCF-7 human breast cancer cells demonstrated that iso-15:0 induced apoptosis by
disrupting mitochondrial membrane integrity (Wongtangtintharn et al., 2005). A more
recent study compared the differing inhibitory effects of iso- and anteiso-BCFAs in MCF-
7 cells (Vahmani et al., 2019). Incubation with iso-15:0 and iso-17:0 at concentrations
above 200 uM downregulated antiapoptotic gene expression and upregulated
proapoptotic genes, leading to reduced cell viability. In contrast, anteiso-15:0 and
anteiso-17:0 had no effect on cell viability (Vahmani et al., 2019). These findings indicate
that the branching structure of BCFA influences the viability of human breast cancer cells
(Vahmani et al., 2019). Additionally, iso-BCFAs were more readily incorporated into
MCF-7 cell membranes than anteiso-BCFAs; the basis for this preference is currently
unknown but may relate to differences in cell metabolism (Vahmani et al., 2019). Greater
incorporation of iso-BCFAs into cancer cell membranes may alter membrane fluidity by
reducing unsaturated FA content, leading to decreased cell viability (Wongtangtintharn et

al., 2005; Vahmani et al., 2019).

Yang et al. (2000) investigated the dose-response effects of iso-15:0 across a range of
human cancer cell lines, including leukemia, mammary adenocarcinoma, prostate

carcinoma, gastric carcinoma, liver carcinoma, lung small cell carcinoma, pancreatic
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adenocarcinoma, and colon carcinoma. At a concentration of 35 pg/mL, iso-15:0 induced
significant tumor cell death (Yang et al., 2000). Apoptotic DNA fragmentation was
observed in all tested cancer cell lines. In the same study, iso-15:0 was administered
orally (70 mg/kg) in mice implanted with prostate carcinoma and hepatocarcinoma
tumors, resulting in tumor growth inhibition of 84.6% and 64.9%, respectively. The
results suggest that iso-15:0 may have potential as a chemotherapy agent via the
induction of cancer cell apoptosis (Yang et al., 2000). In a later study, supplementation of
iso-15:0 at 60 pg/mL induced apoptosis via Akt phosphorylation in T-cell non-Hodgkin’s
lymphoma cells (Cai et al., 2013). Lymphoma cells were also implanted into mice to
assess in vivo activity of iso-15:0 (Cai et al., 2013). Oral administration of iso-15:0 at 70
mg/kg/day reduced tumor volume and weight compared to control mice. These findings
further support the anti-carcinogenic potential of iso-15:0 both in vitro and in vivo (Cai et

al., 2013).

Branched-chain fatty acids have also been inversely associated with insulin resistance
and obesity (Pakiet et al., 2020). The BCFA content in adipose tissue was approximately
30% lower in obese individuals compared to lean individuals (Su et al., 2015). Following
gastric bypass, BCFAs in adipose tissue increased by ~65%, and BCFA content was
positively correlated with insulin sensitivity in muscle tissue (Su et al., 2015). Obese
individuals also exhibited lower serum concentrations of iso-BCFA compared to lean
controls (Mika et al., 2016). These lower serum concentrations of iso-BCFA were
inversely associated with serum insulin and triglyceride concentrations consistent with
earlier findings linking low BCFAs levels to insulin resistance (Mika et al., 2016; Pakiet

et al., 2020). The increase in BCFAs observed in lean individuals may be related to
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enhanced BCAA catabolism. In obese individuals, expression of genes involved in
BCAA catabolism was lower, potentially accounting for reduced serum BCFA levels
(Pakiet et al., 2020). Given these findings, BCFAs may offer several health benefits,
providing justification for the development of ruminant-derived functional foods (i.e.,

BCFA-enriched milk and meat products) aimed at promoting metabolic health.

1.8. Conclusion and Knowledge Gap

Branched-chain fatty acids have been gaining attention in the research community due to
their emergence as bioactive FAs. They are unique to ruminant products, as their presence
originates from the membrane lipids of rumen microorganisms, particularly bacteria.
Certain BCFAs have been associated with beneficial human health effects, including anti-
carcinogenic activity and improved insulin sensitivity, which has led to increased interest
in the natural enrichment of BCFAs in ruminant products, particularly dairy. The
development of such products requires a comprehensive understanding of how BCFAs
are synthesized and metabolized by rumen microbes. The pathway of BCFA synthesis has
been most extensively studied in a single species of bacteria. It was discovered that
BCFAs can result from both exogenous precursors (BCAAs) and endogenous precursors
(BCVFAs). However, little is known about the biosynthesis of BCFAs by rumen
microbial communities under in vivo conditions. Therefore, further research is needed to
determine the relative contribution and interaction of these metabolic precursors within
the rumen. This knowledge will be critical for informing dietary strategies aimed at
increasing the BCFA content of milk and meat, ultimately supporting the development of

functional ruminant-derived foods with potential human health benefits.
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Table 1.1. BCFAs in species of rumen bacteria reported by Minato et al. (1988) and Miyagawa, (1982).

BCFAs

is0-12:0
is0-13:0
iso-14:0
is0-15:0
is0-16:0
is0-17:0
is0-18:0
is0-19:0
i50-20:0
anteiso-13:0
anteiso-15:0
anteiso-17:0
anteiso-19:0
>BCFAs

Minato (1988)* Miyagawa (1982)°
. Bacter- . . . -
Veillonella Bacter.z odes iodes Bact?rz'odes Rumino- Ruminococcus Eubacterium Ruminococcus Lachnospira Bacteroides Butyrivibrio Prop roni-
succino- X ruminicola coccus . X . b ATCC- b bacterium
parvula rumin- . : bromii ruminantium albus 2-3-9 b 1-7 b
gens icola ss. brevis [flavefaciens 19189 2-4-3
0.2 0.4
1.1 33 3.9 1.1
0.3 2.3 2.6 5.7 2.9 1.8 6.1 9.0 0.9 1.5 9.4 0.5
0.2 5.3 12.6 40.5 42 0.4 1.3 12.2 68.4
1.0 33 1.6 8.7 20.8 13.8 3.7 11.9 2.6 0.9 19.9 1.8
0.6 2.3 32 0.7 1.3 0.2 1.4 0.5 9.6
0.3 0.4 0.1 1.1 0.3 2.8 1.3
1.0
0.4
1.3 1.1 1.8 1.0
2.0 13.6 35.5 26.2 4.6 29.4 30.1 12.1 5.8 34.7 14.2
23.4 2.6 2.8 3.6 1.4 26.7 1.7 1.5 3.6 1.5 6.9
0.8
29.8 23.5 52.7 65.6 72 77.5 42.2 34.5 18.4 55.2 52.7 81.4

2 reported as % of total acyl chain fatty acids ° reported as % of total fatty acids



Table 1.2. BCFAs in dairy-derived products

(gB/?(I;()A ;) Milk Goat milk* Cheese (hard/semi-hard)* Goat cheese® Yogurt® Butter®
iso-14:0  0.06-0.44%cde 0.04-0.13¢h 0.05-0.22%b¢ 0.04-0.11%5% 0.12° 0.17°
is0-15:0  0.13-0.89%d< 0.15-0.40%¢h 0.1-0.45%>¢ 0.02-0.24*bb 0.15° 0.01°
“"{gff)”' 0.37-0.69%cde 0.23-0.63e" 0.35-0.88%0< 0.18-0.40%bh 0.62° 0.63°
is0-16:0  0.17-0.31%d< 0.15-0.29%¢h 0.14-0.44%>¢ 0.09-1.18%beb 0.29° 0.34°
iso-17:0  0.26-0.50%cde 0.16-0.64%h 0.18-0.58b< 0.05-0.30%b&h 0.25° 031°
“"f;ff)o' 0.50-0.61%cde 0.27-0.76%" 0.33-0.56% 0.23-0.51%beh 0.59° 0.38°
is0-18:0 0.03-0.04% 0.041 <0.003-0.09%b< <0.003-0.01% 0.04*  <0.003°
B%IS;XS 0.87-1.28%¢ 0.6-0.76% 0.80° 0.34-1.328b0 0.85° 0.83°
Zﬁagt;x- 1.17-1.19%¢¢ 0.5-1.39%¢h 0.90%¢ 0.41-0.90%b&h 1.20° 1.01°
TBCFAs  2.04-247%¢ 1.1-1.8%h 1.70-3.228 0.75-2.21%beb 2.01° 1.84°

aRan-ressler et al., (2014); "Hauff and Vetter (2010); °Chilliard et al., (2009); ‘Craninx et al., (2008);
°Corazzin et al., (2019); {Gomez-cortes et al., (2018); #Cossignani et al., (2014); "™Nudda et al., (2021)
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Figure 1.1. Structures of odd- and even-chain iso- and anteiso-BCFAs. (a) Odd-chain
anteiso-BCFA; (b) odd-chain iso-BCFA; (c) even-chain iso-BCFA. Adapted from

Kaneda, 1977.
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Figure 1.2. The metabolic pathway of BCFAs from BCAAs and BCVFAs. Adapted from Kaneda (1977 and 1991) and Taormina et al.

(2020).
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Chapter 2: Modification of a Filter System to Increase Protozoa Retention in

Continuous Culture Fermenters

2.1. Abstract
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The continuous culture fermenter (CCF) has been extensively used over the past 60
years to study the complex dynamics of nutrient use and metabolism by rumen
microorganisms. One major limitation of this system is maintaining the rumen microbial
community, specifically protozoa. Unlike the rumen wall, the CCF glass vessel provides
no suitable surface for protozoa to attach, therefore, they flow out faster than they
replicate. The purpose of this research was to modify a previously described filter system
to improve protozoa retention over a typical 10-day experimental period. The specific
aims were to create a filter system that would 1) increase protozoa retention, 2) maintain
protozoal diversity, and 3) be reusable. A previously developed filter system was
modified using a 3D-printed filter surrounded by a 50-pm nylon bag. When using the 3D-
printed filter with a nylon bag, protozoal species diversity was lost. Another method was
subsequently tested, utilizing the 3D-printed filter with a polyurethane sponge. In two
separate experiments, four trials were conducted, with one CCF each fitted with two 3D-
printed filters. Continuous culture fermenter samples were taken to assess the different
methods for maintaining protozoa sequestration; protozoa were counted, and species
were identified to evaluate retention and diversity. Data were analyzed using a linear
mixed model, accounting for the effects of day, sequestration method (nylon bag or
sponge), and period. Protozoa numbers decreased in CCFs when utilizing a nylon bag as
a sequestration method (P=0.04), while numbers did not change when using a sponge
(P=0.44). The relative abundance of entodiniomorphid protozoa when using a sponge
was 85% of total protozoa, compared to 10% with a nylon bag. Entodiniomorphid
protozoa disappeared from CCFs after experimental day 6 when a nylon bag was used.

The relative abundance of holotrich protozoa when using a nylon bag was 79%,
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compared to 15% with a sponge. The use of a sponge, compared to the nylon bag, in
conjunction with the 3D-printed filter, maintained a protozoal community more similar to
that of the inoculum. Filters remained in the CCFs for the entirety of each period,
retained their rigid structure, and were reusable for subsequent trials. This 3D-printed
filter design, in conjunction with a polyurethane sponge, may serve as a suitable model
for all CCF systems, functioning to maintain protozoa numbers and diversity across

different CCF designs.

2.2. Introduction

Protozoa are essential members of the rumen microbial community, where they
contribute to the metabolism and digestion of plant matter (Puniya et al., 2015). They
influence the environmental conditions in the rumen and exist in a symbiotic relationship
with bacteria to provide nutrients for the host (Williams and Coleman, 1992). The CCF
(i.e., single-flow, semi-continuous, and dual-flow) has been used extensively to study the
rumen environment in vitro, allowing researchers to study microbial population
dynamics, nutrient digestion, and metabolism (Hino et al., 1993; Dillard et al., 2018). Yet,
a major limitation of CCFs is the significant loss and lack of representative protozoa
populations, resulting from the low turnover rate of protozoa compared to the liquid and
solid flow rates (Hoover et al., 1976). The majority of protozoa remain in the rumen due
to their attachment to feed particles or the rumen wall (Jouany and Ushida, 1999). The
glass wall of a CCF, however, presents challenges as protozoa cannot attach to this
surface and consequently wash out of the CCF at a considerably higher rate compared to
the rumen (Cabeza-Luna et al., 2018). Therefore, numerous efforts have been made to

devise techniques that prevent the loss of protozoa and preserve protozoal community
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structure in CCFs. These include lower dilution rates (Moumen et al., 2009), reduced feed
input (Teather and Sauer, 1988), decreased agitation speed to prevent overflow
(Mansfield et al., 1995), the design of an artificial raft mat for protozoal sequestration
(Muetzel et al., 2009), as well as the application of a sponge (Cabeza-Luna et al., 2018)
or filter system for protozoal retention (Karnati et al., 2009).

The filter system designed by Karnati et al. (2009) demonstrated promising results for
protozoal retention in CCFs. This multilayer filter includes both 50 um and 100 um nylon
bags separated by perforated tubes designed to encompass the liquid effluent tube of a
CCF. While this filter model has been employed in several studies demonstrating
consistent retention of protozoa (Wenner et al., 2017; Ye et al., 2018), the authors noted
various drawbacks, such as protozoa numbers being 50- to 100-fold lower than in vivo,
the labor-intensive assembly of the filter, and frequent replacement required to prevent
clogging (Karnati et al., 2009). The need for a reusable and easy-to-assemble filter model
that does not require replacement led to the development of a rigid, reusable 3D-printed
filter system. The purpose of this research was to create a filter system that maximizes
protozoa retention and maintains community composition (i.e., relative abundance of
protozoal species) over a typical 10-day experimental period in CCFs. Specific aims were
to create a filter system that would 1) be reusable, 2) increase protozoal retention, and 3)
maintain protozoal diversity. This 3D-printed filter was originally used in conjunction
with a nylon bag for protozoal sequestration. While the use of the nylon bag retained
protozoa numbers in CCFs, a representative protozoal community was not preserved. By
the end of the experimental period, Isotrichidae dominated the protozoal community.

Therefore, we developed a second 3D-printed filter fitted with a polyurethane sponge,
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designed to retain both protozoal numbers and diversity in CCFs, based on the research

by Cabeza-Luna et al. (2018).

2.3. Materials and Methods

2.3.1. Filter Design

3D-Printed Filter - Software & Metrics: AutoDesk® Fusion 360™ version 2.0.7402
for Apple MacBook running iOS was used alongside the 3D modeling software Inventor
Professional 2018 (Autodesk, San Rafael, CA). All metrics were performed in Standard
(mm).ipt. All projects were saved as .stl files.

Filter Body Sketch (Fig 2.1A): A circle (32 mm diameter; Fig 2.1A (b)) was created at
the origin of the 2D Sketch platform and was extruded in one direction (100 mm). A
cylinder (97 mm height; Fig 2.1A (c), 25 mm diameter; Fig 2.1A (d)) was cut from the
first cylinder to create an outer cast. Nine rectangles were cut from the outer cast,
equidistant from one another (Fig 2.1A (i, j), and corners were filleted to increase
structural stability (Fig 2.1A (k)). Rectangles were 28 mm x 24.5 mm (Fig 2.1A (f, g)
except for the three closest to the cap (26 mm x 24.5 mm; Fig 2.1A (h, g)) to account for
the addition of the outer threads. A circle (3 mm diameter; Fig 2.1A (1)) and four quarter
circles (7.5 mm radius and an 8.3 mm arc; Fig 2.1A (m, n)) were cut from the cylinder’s
base (3 mm thick; Fig 2.1A (e)). A circle (36 mm diameter) was added and extruded (10
mm) on top of the existing filter (Fig 2.1A (a)). A 25 mm hole was cut from the top of the
cylinder, and outer threads (ISO metric profile, right hand, M36x4 design, class: 6g; Fig
2.1A (0)) were added.

Filter Cap Sketch (Fig 1B): A circle (38 mm diameter; Fig 2.1B (p)) was created at

the origin of the 2D Sketch platform and extruded in one direction (13 mm; Fig 2.1B (q)).
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A hole was cut at the base and inner threads (ISO metric profile, right hand, M36x4
design, class: 6H; Fig 2.1B (r)) were added.

Printing: Filter bodies and caps were printed using the online service Craftcloud
(AlI3DP, Munich, Germany). 3D-files were uploaded in millimeters and products were
printed in HP® Multi Jet Fusion Nylon PA12 with a raw finish on a HP MJF 4210, with
80-micron layer thickness and a packing density of 10%. The filter and cap dimensions
can be proportionally scaled to resize the models using the online platform. Filter body
and cap .stl files are available for download (mschiksn.wixsite.com/3dfilter).

Post-Printing Modifications of the Cap: One 6.35 mm ('/4 inch) and two 5.56 mm
(/32 inch) holes were drilled using a standard hand-held drill (Model #DR260C, Stanley
Black & Decker, New Britain, CT) in the center of the cap. A 35.56 cm (14 inches)
fiberglass dowel was inserted into the 6.35 mm (!/4 inch) hole (Fig 2.2A (a)) and secured
in place with Gorilla Glue (Gorilla Glue Company, Cincinnati, OH).

Nylon Bag: Cole-Parmer™ Masterflex™ L/S™ Platinum-Cured Silicone Precision
Tubing (Thermo Fisher Scientific, Inc., Waltham, MA) with an i.d. of 3.1 mm (Fig 2.2B
(c)) were inserted into each 5.56 mm (’/3; inch) hole (Fig 2.2A (b)) and adjusted so the
ends were approximately 12.7 mm (!/> inch) from the base. A pre-sewn 50-um nylon bag
(Ankom Technology, Macedon, NY; Fig 2.2B (d)) was secured in place around the
fiberglass dowel and tubing with zip ties (Fig 2.2B (e)). The 50-um pore size is
appropriate to retain protozoa, as anything smaller would prevent adequate effluent
outflow and larger pore sizes would not maintain protozoa within the CCF. Sewn edges

were reinforced with Gorilla Glue (Gorilla Glue Company, Cincinnati, OH) prior to use.
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Sponge: Polyurethane sponge (Armaly Brands Inc., Walled Lake, MI) was cut into 2-
inch cubes. Three sponge cubes were placed into each 3D-printed filter and secured with

zip ties (Fig 2.2C (f)).

2.3.2. Experiment 1

The experiment was conducted using open CCFs (FerMac 320 modular bioreactors,
Electrolab Biotech Ltd., Tewkesbury, UK) fitted with a custom gravity-fed 24 mm 1i.d.
outflow spout. At the start of each period, whole rumen contents were collected from two
lactating, ruminally fistulated Holstein cows fed a TMR lactating diet with an
approximate forage:concentrate ratio of 60:40. All surgical and animal care protocols
were approved by the University of Vermont Institutional Animal Care and Use
Committee (IACUC #16-029). Rumen contents were strained through wire mesh and
approximately 12 L of rumen fluid pooled and was transported to the laboratory in a
thermal container (Coleman 5 gallon beverage cooler) within 30 minutes. Rumen fluid
was mixed and approximately 3 L were transferred into each CCF until the fluid cleared
the effluent spout. The CCFs were continuously infused with sterile McDougall’s buffer
(pH 6.75; Weller and Pilgrim, 1974) modified with the inclusion of urea at 0.4 g/L to
simulate recycled N. For the first 3 d of each period, clarified rumen fluid (rumen fluid
strained through 4 layers of cheesecloth, centrifuged at 150 x g, 4°C, 15 min, and then
autoclaved) was diluted 1:20 with McDougall’s buffer to better adapt the microbial
community to the CCF (Wenner et al., 2017). The buffer was continuously infused with
carbon dioxide (<0.5 L/min, approximating 1 bubble per second) to maintain anaerobic
conditions. Buffer was supplied to each fermenter (6.8 %/h) through a programable,

automated peristaltic pump built into each CCF system. Continuous culture fermenters
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were maintained at 39.0°C. Temperature and pH were measured every 60 s by sensors,
and data were recorded by a connected automated software system (Electrolab Biotech
Ltd., Tewkesbury, UK). Continuous culture fermenter contents were mixed by an
automated motorized agitator fitted with three paddles at 70 rpm for 9 min followed by
200 rpm for one min, a cycle maintained throughout both experiments. Each CCF was
equipped with two filters, both outfitted with nylon bags. Tubing from one filter was
routed through peristaltic pumps for liquid outflow. Filter use alternated as needed when
liquid outflow decreased or ceased. In addition to the collected filtered liquid outflow, a
combined of solid/liquid outflow was collected daily from the gravity-fed outflow spout
to calculate the total solid and liquid kp rates; buffer inflow was adjusted accordingly.
Potential gas leaks from the dowel rods were monitored using a gas leak detector (Restek
Corporation, Bellefonte, PA). Feed was added to the CCFs twice daily, in two equal
portions at 0800 and 2000 h. Each CCF received 225 g dry matter (DM) per day,
comprising 53% forage and 47% concentrate (Table 2.1). Forage was ground to 2 mm
through a Wiley Mill (Arthur A. Thomas Co., Philadelphia, PA), and concentrate was pre-

ground by Poulin Grain Inc. (Swanton, VT) prior to the start of the experiment.

2.3.3. Experiment 2

The timeline for this experiment was identical to that of experiment 1. Experiments
were conducted with the same open CCF systems (FerMac 320 modular bioreactors,
Electrolab Biotech Ltd., Tewkesbury, UK) and operated under similar protocols. Tubing
was not used in conjunction with the sponge, as adequate liquid effluent flow-through
could not be maintained. Thus, the additional liquid outflow was eliminated, and the

CCFs were modified to single-flow systems, using only the outflow spout (Fig 2.2D (g)).
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Each CCF was equipped with two filters, both containing polyurethane sponge (Fig
2.2C). Rumen fluid collection and transfer followed the methodology outlined in

Experiment 1, and CCFs were provided with the same DM amount and ratio.

2.3.4. Sample collection and analyses

Protozoal Enumeration and Diversity Identification. A subsample of the day 0
inoculum was collected at the time of each CCF inoculation and immediately preserved
in 18.5% formaldehyde in 2x saline (protocol adapted from Williams et al., 1992) and
strained before staining. During Experiment 1, protozoa samples were collected on days
3, 6, and 9. During Experiment 2, samples were taken daily to monitor protozoa number
and diversity more frequently. Continuous culture fermenter samples were collected via
syringe, following the methodology by Cabeza-Luna et al. (2018). In brief, tubing
secured with a zip tie to a Luer lock syringe was used to draw fermenter fluid from the
CCF without opening the vessel. Fermenter fluid was refrigerated until processing.
Protozoa were processed and enumerated as described by Dehority (1993). Samples were
stained with brilliant green dye (Fisher Scientific, Waltham, MA), incubated overnight at
room temperature in the dark, and diluted with a distilled water: glycerol solution (1:20).
A 1 mL aliquot was then added to a Sedgewick Rafter Chamber (Thomas Scientific,
Swedesboro, NJ) and counted on a Micromaster II microscope (Fisher Scientific,
Waltham, MA) at 100x total magnification. Two grid rows were randomly selected for
counting and an average number was calculated. Counts were corrected for dilution using
Dehority’s (1993) formula and used for analysis. Protozoa were identified using the
methods from Dehority (1993) and Williams et al. (1992). Protozoa were grouped into

the orders Entodiomorphid and Holotrich (including Isotricha and Dasytricha). Total
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protozoa counts were corrected for dilution to reflect protozoa numbers per mL. Relative
abundance (% of species) was calculated based on total species identified (number of
entodiniomorphid + number of holotrich) and excluded species comprising <10% of the
total (Diplodiniiae, Eudiplodinium, Eremoplastron, Metadinium, Ostracondium and
Polyplastron).

Volatile Fatty Acid and pH Analysis. On sampling days (days 8-10), a 20 mL
subsample was taken from each outflow collection vessel and centrifuged at 4800 x g for
5 minutes (Sorvall RC5B, Du Pont Company, Wilmington, DE). Supernatant was
collected, and samples from days 8-10 from each CCF were pooled for each trial period
and stored at -20°C. Samples were sent to Dairy One Co-Op Inc. (Ithaca, NY) for VFA

analysis. pH was averaged across the sampling days (days 8-10) for each experiment.

2.3.5. Statistical Analysis

Statistical analyses were performed using JMP Pro (Version 15.0, SAS Institute Inc.,
Cary, NC) with a linear mixed model. Histograms of residuals were checked for
normality, and data were log-transformed prior to analysis. The fixed effect for each
sequestration method was day, and period was included as a random effect. Experiment 1
compared protozoa counts from days 3, 6, and 9 while Experiment 2 compared counts
from days 1-10. Inoculation (day 0) data were excluded from all statistical comparisons.
Period 4 of Experiment 1 was excluded due to sample loss. VFA and pH data from each
experiment were compared to inoculation values. Statistical significance was determined

at P <0.05.

2.4. Results
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2.4.1. Experiment 1 (3D-printed filter fitted with a nylon bag)

Protozoa numbers in the inoculum averaged 1.6 x 10®/mL. Protozoa numbers on days
3, 6, and 9 averaged 438 x 10°/mL, 338 x 10°/mL, and 249 x 103/mL, respectively, and
decreased linearly over time (P=0.04, Fig 2.4). Relative abundance of entodiniomorphid
protozoa in inoculum samples was 94.9% of total protozoa. On day 3, relative abundance
of entodiniomorphids in the CCF was 29%, whereas no entodiniomorphid protozoa were
detected on days 6 and 9 (Fig 2.5). Due to limited sample size, statistical analyses of
entodiniomorphid abundance were not possible, as only one data point was available on
days 3, 6 and 9. Relative abundance of holotrich protozoa in inoculum samples was 5%
of total protozoa. Holotrich protozoa comprised of 71% of total protozoa on day 3, and
100% on days 6 and 9 (Fig 2.5). Holotrich protozoa abundance was not affected by day
(P=0.48).

Total VFAs and butyrate (%) were not affected by day (Table 2.2). However, acetate
(%) increased linearly by day (P=0.03), while propionate (%) and the ratio of acetate to
propionate decreased linearly (P=0.04 and P=0.03, respectively). pH increased

quadratically by day (P<0.01).
2.4.2. Experiment 2 (3D-printed filter fitted with a sponge)

Protozoa numbers in inoculum samples averaged 3.9 x 10%mL. Protozoa counts on
days 3, 6, and 9 were 687 x 10°/mL, 585 x 10°/mL, and 987 x 103/mL, respectively (Fig
2.3) and were not affected by day (P=0.44). Entodiniomorphid protozoa made up 76% of
the inoculum population. In the CCFs, their relative abundance was 79%, 84%, and 92%
on days 3, 6, and 9, respectively (Fig 2.5), and was not affected by day (P=0.62).

Holotrich protozoa accounted for 24% in the inoculum, and their relative abundance in
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CCFs was 21%, 16%, and 8% on days 3, 6, and 9, respectively (Fig 2.5). Relative
abundance was also unaffected by day (P=0.47).

Acetate (%), propionate (%), and the acetate:propionate ratio was not affected by day
(Table 2.2). Total VFAs decreased linearly (P<0.01), butyrate increased linearly (p<0.01),

and pH decreased linearly (P<0.01).

2.5. Discussion

The significant loss of protozoa numbers in CCFs is a persistent limitation (Karnati et
al., 2009; Wenner et al., 2017; Ye et al., 2018). The filter system described by Karnati et al.
(2009) remains the most widely used in CCFs. While this filter system retains protozoa in
an acceptable range, drawbacks include filter clogging, frequent replacement, and protozoa
numbers significantly lower than those observed in vivo. Therefore, the purpose of this
research was to design a reusable filter model to be used in conjunction with a sequestration
material, further maximizing both protozoa retention and diversity in CCFs. We developed
a reusable and sturdy 3D-printed filter that is customizable for different CCFs and fitted
with a sponge to enhance protozoa sequestration. The filter retained adequate protozoa
numbers and prevented significant loss of protozoal diversity.

Initially, the material used for protozoal sequestration in conjunction with the 3D-
printed filter was a 50 um nylon bag, as described by Karnati et al. (2009). We observed
significant loss of protozoal diversity, prompting further development of the filter model.
The use of polyurethane sponge as a sequestration method was adopted from Cabeza-Luna
et al. (2018). Protozoa numbers declined significantly in CCFs when using a nylon bag,
while remaining stable when using a sponge. The relative abundance of entodiniomorphid

protozoa with the sponge was 85% compared to 10% when using a nylon bag. Conversely,
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holotrich protozoa accounted for 79% of total protozoa with the nylon bag and only 15%
with the sponge. The use of a sponge in conjunction with the 3D-printed filter, compared
to a nylon bag, resulted in a protozoal community more representative of the inoculum.

While protozoa numbers are important, maintaining protozoal diversity may be even
more critical. When diversity shifts drastically to a single dominant species, the population
is no longer representative of the rumen microbial community. The cooperative interactions
within the rumen microbiota are essential for producing nutrients required by the ruminant
host (Matthews et al., 2019). Therefore, preserving protozoal diversity in CCFs is
paramount. The most prominent protozoal group in the rumen is Entodiniomorphida,
primarily represented by the genus Entodinium (Sylvester et al., 2004; Abrar et al., 2016),
constituting up to 1.2 x 10° cells/mL (Francisco et al., 2019). In this study,
Entodiniomorphid (i.e., E. biconvacum, E. longinucleatum, E. ovinum, and E. simplex)
represented approximately 80% of the protozoa identified in the inoculum. Using the nylon
bag technique, a drastic shift from Entodinium to Isotricha by day 3 was observed, likely
due to the washout of entodioniomorphid protozoa caused by their inability to sequester to
the nylon material (Jouany and Ushida, 1999; Firkins et al., 2020). Isotricha protozoa were
likely retained due to their large size relative to the nylon bag pore size (Firkins et al.,
2020). Consequently, Isotricha increased in abundance and became the dominant genus. In
contrast, the sponge maintained entodiniomorphids as the predominant genus throughout
the experimental period.

When evaluating the efficacy of our 3D-printed filter and sponge in CCFs in retaining
protozoa numbers and diversity in CFFs, comparisons to prior research by Karnati et al.

(2009) and Cabeza-Luna et al. (2018), both of whom inspired the design of our model, are
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important. While direct numerical comparisons are limited by differences in methodology
and equipment, meaningful inferences can still be drawn. Cabeza-Luna et al. (2018)
reported a decrease 97.6% in protozoa numbers by day 10 in sponge-equipped CCFs. In
this experiment, protozoa numbers declined by only 75.6% by day 10 using the 3D-printed
filter with sponge. Thus, this model may provide improved protozoal retention. Cabeza-
Luna et al. (2018) identified only holotrich species, therefore, direct comparison of
community structure is limited. Reported averages across experimental days 2, 6, and 10
from their study show entodiniomorphid abundance at 90.7% and holotrich at 9.3%. Our
sponge-based model yielded 83.2% entodiniomorphid and 16.8% holotrich, indicating
similar community preservation. Karnati et al. (2009) did not report inoculum values,
protozoa numbers and diversity on experimental days 8-10, and did not include inoculum
values, limiting comparison of protozoa retention. However, on experimental days 8-10,
their system yielded 87.4% entodiniomorphids, and 5.6% holotrichs (Isotricha and
Dasytricha) indicating comparable diversity retention (Karnati et al., 2009). Importantly,
our 3D-printed filter design was durable and reusable across trials.

Protozoa numbers numerically decreased until day 8 and then increased slightly, though
not significantly, by day 10. A 7-day adaptation period was employed in this study,
consistent with past CCF research (Karnati et al., 2009, Wenner et al., 2017 and Ye et al.,
2018). Hoover et al. (1976) first proposed this adaptation period as sufficient for microbial
stabilization. The numerical increase in protozoa on day 8 may reflect protozoal
stabilization and regeneration. For a stable rumen protozoal population, generation times
must average 7—11 hours (Dehority, 2003). In mixed cultures, entodiniomorphid generation

time averages <12 hours (Dehority et al., 1998, and Dehority, 2003), whereas holotrich
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protozoa have longer generation times - estimated at ~44 hours (Karnati et al., 2009).
Relative abundance of holotrich protozoa numerically, yet not significantly, decreased each
day in CCFs using a sponge. The steady decline in holotrich abundance may reflect slower
regeneration.

Our developed 3D filter model, when used with a sponge, provides the following
advantages: 1) greater protozoa retention, ii) sustained diversity, and iii) structural integrity
for reuse. Limitations of this system include 50- to 100-fold lower protozoa numbers
compared in vivo, similar to previous reports. Additionally, the modification of the CCFs
from dual- to a single-flow may limit applicability to only single-flow CCFs. Inclusion of
two sponge-fitted filters may further improve protozoa retention by increasing available
surface area. Additional research should evaluate protozoa retention in different sized
CCFs (i.e., 1L, 3L) when utilizing our 3D-printed filter design in conjunction with sponge
for protozoa sequestration. Moreover, research is needed to examine the impact of these

filters on detailed protozoal community structure and protozoal generation times.

2.6. Conclusion

Although beyond the scope of this experiment, the 3D-printed filter, when used in
conjunction with sponge for protozoal sequestration, may be adapted for universal
application across fermenter systems. The filter requires minimal assembly, retains
adequate protozoa numbers, preserves protozoal diversity, and is reusable. Diversity was
maintained throughout the entire experimental period, contributing to a more
representative microbial community within CCFs. Importantly, the filter’s dimensions
can be modified using the online platform Craftcloud (AlI3DP, Munich, Germany),

allowing for adaptation to various CCF sizes. Overall, this model offers a promising
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advancement in CCF technology, supporting expanded in vitro research of rumen

microbial dynamics and metabolism.
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Table 2.1. Chemical composition (% DM) of feed ingredients supplied to CCFs.

Nylon bag Sponge
Nutrient (% DM) Grain Corn Silage Grain Corn Silage
DM 93.1 38.6 93.1 33.8
oM 933 97.3 933 97.1
ADF 26.3 19.1 26.3 17.9
NDF 37.7 37.7 37.7 343
CP 26.83 7.3 26.83 6.5
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Table 2.2. Comparison of VFA concentrations and pH for both experiments.

Nylon bag P-value? Sponge P-value®

Volatile fatty acids ~ Day Days . i . 4
(mmol/L) 0 3-10 SEM L¢ Q Day 0  Day 8-10 SEM L Q

Total 7144 7027  3.36 188.56 103.77 16.64  **
Acetate (%)° 3442  46.13 252 * 58.32 48.43 2.29
Propionate (%)° 4429 36.81 1.60 * 29.73 38.27 2.17
Butyrate (%)° 2129  17.07 1.37 10.71 13.31 0.55 **
Acetate:Propionate  0.79 1.30 0.11 * 1.99 1.30 0.17
pH 5.31 535  0.002 ** 5.82 5.28 0.003  **

afixed effect of day, °% of total VFAs, °L linear effect, ‘Q quadratic effect, *P<0.05, **P<0.01.
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Figure 2.1. (A) A computer-generated 3D filter body model using AutoDesk® Fusion
360™, illustrating the o.d. of the cast (a, b), the i.d. of the chamber (c, d), and the base
height (e). The six bottom rectangles (f) by (g) and the three top rectangles (h) by (g), are
equidistant from another (i, j). Fillets are added to the corner of each square (k). A circular
hole (1) and four quarter circles (m, n) are added to the base. Outer threads are added to
the filter body to secure the cap (o). (B) A computer-generated 3D cap model using
AutoDesk® Fusion 360™, illustrating the i.d. (p, q) of the filter cap. Inner threads were
added to secure the filter body to the cap (r). Specificities of the filter body and cap’s

dimensions are metrics are described in the main text.
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Figure 2.2. (A) A 3D model of the assembled filter body and cap with the post printing
modifications. A fiberglass dowel (a) secured in the 5.56 mm hole and two 6.35 mm holes (b)
in the cap to insert tubing for effluent outflow. (B) The completed assembly of the filtration
system with the fiberglass dowel (a), tubing for effluent (c), S0-um nylon bag (d), and zip-ties
(e) to secure the nylon bag in place. (C) Two filters containing polyurethane sponge cubes (f)
secured in the CCF with fiberglass dowels. (D) Each CCF has a height of 28.21 c¢cm, an o.d. of

20.00 cm, an i.d. of 15.86 cm, and an overflow port (g) 15.24 cm from the base of the CCF.
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Chapter 3: Dose-response Effects of Isoleucine and Valine on the Biosynthesis of

Branched-chain Fatty Acids by Ruminal Microorganisms In vitro

3.1. Abstract

Rumen microorganisms synthesize many of the bioactive FAs present in ruminant-
derived products; among these are BCFAs, which have demonstrated potential human
health benefits. To date, the conversion of BCAAs into BCFAs has only been elucidated
in Bacillus, highlighting a gap in our understanding of rumen microbial BCFA synthesis.
This study investigated the dose-response effects of isoleucine and valine on the
production of odd-chain anteiso-BCFAs and even-chain iso-BCFAs, respectively, and
evaluated any changes in rumen microbial community structure following BCAA
supplementation. We hypothesized that rumen bacteria and protozoa produce BCFAs in a
dose-response manner from exogenously supplied BCAAs. Continuous culture
fermenters were used to simulate the rumen environment. Two separate experiments were
conducted, one for each BCAA, across four 10-day periods. Isoleucine supplementation
consisted of 0.65 (control), 1.30, 1,95, and 2.60 g/day, and valine of 1.03 (control), 2.06,
3.09, and 4.12 g/day; each were added to a 225 g/day TMR diet. Samples from
fermenters were collected to determine FA analysis, bacterial DNA, protozoal diversity,
protozoal enumeration and nutrient digestibilities. Isoleucine supplementation led to a
quadratic increase (P<0.01) in odd-chain anteiso-BCFAs in bacterial membranes and
anteiso-15:0 in protozoal membranes. Protozoal counts and pH decreased, while
microbial diversity and digestibility parameters were unaffected. Valine supplementation
resulted in a linear increase (P<0.01) in even-chain iso-BCFAS in bacterial membranes

and iso-14:0 in protozoal membranes, with highest values at 4.12 g/day. Digestibility,
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microbial diversity, and pH were largely unaffected. These results indicate that rumen
microorganisms synthesize BCFAs from BCAA precursors in a dose-response manner,

without differentially affecting rumen parameters.

3.2. Introduction

Ruminant-derived products such as milk and meat are an important component of
nutrition in the global food system. They provide high-quality protein and many other
essential and shortfall nutrients (Pereira and Vicente, 2013; Pereira, 2014). Milk and meat
also supply a readily available source of lipids containing a variety of FAs including
numerous bioactive FAs (Unger et al., 2020; Vahmani et al., 2020). The FA composition
of ruminant-derived products is complex and unique and many of the bioactive FAs
originate from rumen microorganisms (Vlaeminck et al, 2006). Among the bioactive
rumen-derived FAs are BCFAs, an emerging class of FAs due to their purported human
health benefits (Taormina et al., 2020). BCFAs are generally saturated FAs with one or
more methyl branch(es) on the carbon chain and occur either as iso-BCFAs or anteiso-
BCFAs. iso-BCFAs contain a methyl group branching off on the penultimate carbon,
whereas anteiso-BCFAs contain a methyl group on the antepenultimate carbon.
Monomethyl iso- and anteiso-BCFAs ranging from 14-17 carbons in length are the most
common BCFAs found in both rumen microorganisms and ruminant-derived products
(Or-Rashid et al., 2007; Ran-Ressler et al., 2014; Unger et al., 2020). BCFAs are key
constituents of microbial membranes where they regulate fluidity and permeability to
maintain membrane lipid homeostasis (Kaneda, 1977). They have been detected in
various bacterial species including Bacillus subtilis, a species extensively researched to

study the biosynthesis of BCFAs (Kaneda, 1991). Bacteria synthesize BCFAs from a
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variety of precursors, such as BCVFAs, branched-chain a-keto acids, branched short-
chain acyl-CoA esters, and BCAAs (Kaneda, 1977). Branched-chain fatty acids can be
formed from both exogenous and endogenous sources of BCAA; in the species of
Bacillus, the BCAA isoleucine was established as the precursor for both anteiso-15:0 and
anteiso-17:0, leucine was the precursor for iso-15:0 and iso-17:0, and valine was the
precursor for iso-14:0 and iso-16:0 (Kaneda, 1977). While this biosynthetic pathway of
BCFAs has been well defined in several individual species of bacteria (e.g., Bacillus
subtilis, Bacillus cereus and Bacillus alvei), little is known concerning the collective
biosynthesis of BCFAs in rumen bacteria and, particularly, in the context of the rumen
ecosystem. Branched-chain fatty acids have been identified in the membranes of rumen
protozoa (Or-Rashid et al., 2007; Cersosimo et al., 2016), yet the biosynthesis of BCFAs
in protozoa has yet to be established. Recent research has begun to focus on the
biosynthesis of BCFAs in the rumen, focusing on enhancing BCFA content in milk (Sun
et al., 2025). Studying microbial BCFA synthesis in the rumen ecosystem will provide the
framework for the development of feeding strategies designed to enhance the content of
BCFAs in dairy and meat products. The goal of our research was to quantify the dose
effects of two individual BCAAs, valine and isoleucine, on the synthesis of BCFAs in
rumen bacteria and protozoa. We hypothesized that rumen bacteria and protozoa produce
BCFAs in a dose-response manner from exogenously supplied BCAAs. To test our
hypothesis, we utilized CCFs as an in vitro model system to determine i) the BCFA
proportions and ratios in rumen bacterial and protozoal membranes and ii) the bacterial
and protozoal community structures following the supply of increasing doses of single

BCAA:s.
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3.3. Materials and Methods

3.3.1. Reagents

Treatments were added to a TMR diet. Isoleucine supplementation consisted of a
control amount of 0.65 g isoleucine/day (baseline amount in the diet; Table 3.1), and
incremental doses of 1.30 g/day, 1.95 g/day and 2.60 g/day. Valine supplementation
consisted of a control amount of 1.03 g valine/day (Table 3.1), with increased levels at

2.06 g/day, 3.09 g/day and 4.12 g/day.

The corn silage was ground to 2 mm through a Wiley Mill (Arthur A. Thomas
Co., Philadelphia, PA), and concentrate was ground (Poulin Grain Inc., Swanton, VT)
prior to the start of the trials. Samples of corn silage and concentrate were taken and
analyzed for nutrient composition via wet chemistry (Dairy One Co-Op Inc., Ithaca, NY;
Table 3.1). The CCF systems were provided with 225 g DM/CCF/d of a TMR consisting
of 53% forage (corn silage) and 47% concentrate (small grain, Poulin Grain). Feed was

added to the CCFs as two equal portions twice daily, at 0800 and 2000 hours.

3.3.2. Study design

Two experiments were conducted in this study, each utilizing the BCAAs
isoleucine or valine. Isoleucine and valine concentrations were calculated from the base
amount in the diet, and supplemented at 2X, 3X, and 4X base amounts. Experiments were
conducted in a 4 x 4 Latin square design with four 10 d periods, each including 7 d of

adaptation followed by 3 d of sampling.

3.3.3. Continuous culture
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Experiments were conducted with four CCFs (FerMac 320 modular bioreactors,
Electrolab Biotech Ltd., Tewkesbury, UK) fitted with a custom gravity-fed 24 mm 1i.d.
outflow spout. At the start of each period, whole rumen contents were collected from two
lactating, ruminally fistulated Holstein cows fed a TMR lactating diet with an
approximate forage:concentrate ratio of 60:40. All surgical and animal care protocols
were approved by the University of Vermont Institutional Animal Care and Use
Committee (IACUC PROTO201900019). Rumen contents were strained through wire
mesh and approximately 12 L of rumen fluid was pooled and was transported to the
laboratory in a thermal container (Coleman 5 gallon beverage cooler) within 30 minutes.
Rumen fluid was mixed and approximately 3 L were transferred into each CCF until the
fluid cleared the effluent spout. The CCFs were continuously infused with sterile
McDougall’s buffer (pH 6.75; Weller and Pilgrim, 1974) modified with the inclusion of
urea at 0.4 g/L to simulate recycled N. For the first 3 d of each period, clarified rumen
fluid (rumen fluid strained through 4 layers of cheesecloth, centrifuged at 150 x g, 4°C,
15 min, and then autoclaved) was diluted 1:20 with McDougall’s buffer to better adapt
the microbial community to the CCF (Wenner et al., 2017). The buffer was continuously
infused with carbon dioxide (<0.5 L/min, approximating 1 bubble per second) to
maintain anaerobic conditions. Buffer was supplied to each fermenter (6.8 %/h) through a
programable, automated peristaltic pump built into each CCF system. Continuous culture
fermenters were maintained at 39.0°C. Temperature and pH were measured every 60 s by
sensors, and data were recorded by a connected automated software system (Electrolab
Biotech Ltd., Tewkesbury, UK). Continuous culture fermenter contents were mixed by an

automated motorized agitator fitted with three paddles at 70 rpm for 9 min followed by
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200 rpm for one min, a cycle maintained throughout both experiments. Each CCF was
equipped with two filters utilizing polyurethane sponge to maintain the protozoal

community (Chapter 2).

A combination of solid/liquid outflow was collected daily from the gravity-fed
outflow spout to calculate the total solid and liquid passage rates (kp). Buffer inflow was
adjusted if necessary. Collection containers were placed on ice on d 7 of the experimental
period to stop microbial activity. On d 8-10, subsamples of the effluent were collected,
pooled, and dried at 65°C for 24 hours. Samples were submitted for analysis of DM,
organic matter (OM), acid detergent fiber (ADF) and NDF (Dairy One Co-Op Inc.,
Ithaca, NY). Apparent nutrient digestibility of DM, OM, NDF, and ADF were calculated
using equations outlined by Soder et al. (2016). Additionally, on days 8-10,
approximately 20 mL of rumen fluid were drawn from CCFs via a syringe following the
protocol of Cabeza-Luna et al. (2018). In brief, tubing attached to a luer-lock syringe with
zip ties was used to draw fermenter fluid from the CCF without opening the vessel.
Samples were centrifuged at 4800 x g for 5 minutes, the supernatant was removed and
frozen at -20°C. Supernatant samples were submitted for VFA analysis (Dairy One Co-

Op Inc., Ithaca, NY).

On days 3, 6, and 9, a subsample of rumen fluid was drawn via syringe and 7
mL were immediately fixed in 18.5% formaldehyde (1:1) in 2x saline following the
method described by Williams et al. (1992). Samples were analyzed for protozoal
enumeration and diversity as described by Dehority (1993) and Williams (1992). In brief,
samples were stained with brilliant green dye (Thermo Fisher Scientific, Waltham, MA),

incubated at room temperature overnight in the dark, and diluted in a distilled water and
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glycerol solution (1:20). One mL prepared protozoa sample was added to a Sedgewick
Rafter Chamber (Thomas Scientific, Swedesboro, NJ) and counted on a Micromaster 11
microscope (Fisher Scientific, Waltham, MA) at 100x magnification. Two separate grid
rows were randomly selected for counting, and an average number of protozoa was
calculated. Samples were corrected for dilution factor, and these values were used for
analysis. Protozoa were grouped into the Entodinium and Holotrich (including Isotricha
and Dasytricha) families. Total protozoa counts were corrected for dilution to represent
numbers/mL. Relative abundance (% of species) was calculated out of total species
identified (number of entodiniomorphids + number of holotrichs), excluding less

abundant species (<10%).

On sampling days, a subsample of rumen fluid was drawn from CCFs via
syringe. From this subsample, 14 mL were immediately separated and stored at -80°C for
bacterial analysis. Samples were thawed and microbial genomic DNA was extracted
using DNeasy PowerSoil Pro Kit (QIAGEN, 2013). DNA was stored at -80°C until
shipment to LC Sciences (Houston, TX) for DNA library preparation and sequencing of
prokaryotic 16S rRNA (V3 and V4 regions) and internal transcribed spacer (ITS2) genes
using an Illumina MiSeq sequencer. Sequence data were processed for amplicon
sequence variants (ASVs), and the taxonomy of the ASVs was characterized using the
Ribosomal Database Project (RDP version 11.3), NCBI 16S Microbial Database, and the

Greengenes databases.

3.3.4. Fatty acid analysis

Approximately 600 mL of effluent were collected from each CCF on sampling

days 8-10 and prepared according to the protocol of Or-Rashid et al. (2007) with
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modifications by Cersosimo et al. (2016). The resulting fluid was fractionated and
pelleted into bacterial and protozoal fractions according to the methodology of Denholm
and Ling (1989) and Lee et al. (2000). Samples were determined to be isolated when
supernatant of samples ran clear. Samples were stored at -20°C until further analysis.
Microbial fractions were freeze-dried prior to FA analysis (Labconco, Kansas City, MO).
Approximately 200-250 mg of freeze-dried sample was weighed into 15 mL glass tubes
with Teflon-lined screw caps. Lipid extraction and derivatization of bacterial and
protozoal fatty acid methyl esters (FAME) was performed according to the methodology
of Vlaeminck et al. (2006), with modifications including depigmentation using charcoal

and sodium sulfate.

Fatty acid analysis of feed samples was performed according to the methodology of
Bainbridge et al. (2015). Microbial and feed FAs were identified via gas chromatography
according to methodology described previously by Bainbridge et al. (2015) and
Cersosimo et al. (2016). Fatty acid identification was accomplished with GCsolution
software (version 2.30.00). Fatty acids were identified through comparison to
commercially available standards (GLC #463, GLC #674, conjugated linoleic acids
(CLA) mixture, Nu-Check Prep, Elysian, MN, USA; iso- and anteiso BCFAs, Larodan

Fine Chemicals AB, Malmo, Sweden) along with a milk standard prepared in-house.

3.3.5. Statistical analysis

Statistical analyses were performed using JMP Pro (Version 15.0, SAS Institute Inc.,
Cary, NC). Data were checked for normality and transformed via log transformation prior
to analysis if necessary. All tables and figures display nontransformed data. Data were

analyzed using a linear mixed model, including period and fermenter as random effects,
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with treatment as a fixed effect. Both the linear and quadratic effects of treatment were
investigated for significance. Differences were determined to be significant at P < 0.05.

Figures were made using GraphPad Prism version 9 (GraphPad Software, La Jolla, CA).

3.4. Results

3.4.1. Effect of branched-chain amino acid supplementation on bacterial branched-

chain fatty acids

In response to isoleucine treatment, the proportion of odd-chain anteiso-BCFAs increased
quadratically (P<0.01) by 36% in bacterial membranes, with the greatest increase
occurring at 1.95 g isoleucine/d. The proportion of anteiso-15:0 also increased
quadratically (P<0.05) by 42%, reaching 5.49 g/100 g of total FA at 1.95g isoleucine/d
(Table 3.4.). Treatment did not affect proportions of anteiso-17:0 or anteiso-13:0. The
proportion of total even-chain iso-BCFAs decreased quadratically (P<0.05) by 71%, with
the greatest decrease occurring at 2.60 g isoleucine/d; odd-chain iso-BCFAs decreased
linearly, reaching lowest proportions at 2.60 g isoleucine/d. iso-14:0 and iso-15:0
decreased linearly (P<0.01), reaching their lowest levels at 2.60 g isoleucine/d. iso-16:0
decreased quadratically (P<0.05), with the greatest reduction occurring at 1.95 g

isoleucine/d. Treatment did not affect iso-17:0 proportions.

In response to valine treatment, even-chain iso-BCFAs increased linearly (P<0.01) by
146% in bacterial membranes, with the highest amounts observed at 4.12 g valine/d
(Table 3.4.). Treatment did not affect the proportion of odd-chain iso-BCFAs or the
individual proportions of iso-15:0 and iso-17:0 (Table 3.4). Iso-14:0 increased linearly

(P<0.01) by 157% reaching 0.54 g/100 g of total FAs at 4.12 g valine/d (Table 3.4.). iso-
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16:0 increased linearly (P<0.01) by 119%, peaking at 1.25 g/100 g of total FA at the same
treatment level. The proportion of total anteiso-BCFAs decreased linearly (P<0.01) by
35% with the greatest decrease occurring at 4.12 g valine/d. anteiso-15:0 decreased
linearly (P<0.01) by 42%, also with the greatest decrease at 4.12 g valine/d. Treatment

did not affect the proportion of anteiso-17:0.

3.4.2. Effect of branched-chain amino acid supplementation on protozoal branched-

chain fatty acids

In protozoal membranes, isoleucine treatment did not affect total anteiso-BCFAs, but
anteiso-15:0 increased quadratically (P<0.01) by 36%, reaching 2.01 g/100 g of FA at
1.95g isoleucine/d (Table 3.5.). Proportions of anteiso-17:0 and anteiso-13:0 were not
affected. Odd-chain iso-BCFAs decreased quadratically (P<0.05) by 54%, with the
lowest values observed at 1.95 g isoleucine/d (Table 3.5.). A linear decrease in even-chain
iso-BCFAs was observed (P<0.01), with the lowest levels occurring at 2.60g

isoleucine/d. iso-14:0 and iso-16:0 were not affected by treatment. iso-17:0 decreased
linearly (P<0.01), and iso-15:0 decreased quadratically (P<0.01), reaching lowest values

at 2.60 g and 1.95g isoleucine/d, respectively.

Valine treatment did not affect the proportions of total odd-chain iso-BCFAs or even-
chain iso-BCFAs in protozoal membranes. Similarly, treatment did not impact the
individual proportions of iso-15:0, iso-16:0, or iso-17:0. iso-14:0 increased linearly
(P<0.05) by 88%, reaching 0.17 g/ 100 g of total FA at 4.12 g valine/d (Table 3.5.).
Neither the proportion of total anteiso-BCFAs nor the individual proportions of anteiso-

15:0 and anteiso-17:0 were uninfluenced by valine treatment.

73



3.4.3. Effect of branched-chain amino acid supplementation on key fatty acids in

bacterial membranes

The proportion of total SFA in bacterial membranes, including palmitic acid and stearic
acid, and total odd-chain fatty acids (OCFA), such as 15:0 and 17:0, were not affected by
isoleucine treatment (Table 3.6.). Similarly, treatment did not affect the total proportions

of MUFA and PUFA.

Bacterial membrane proportions of total and individual MUFA were not affected by
valine treatment (Table 3.6.). However, the proportion of 18:1 ¢10 increased linearly
(P<0.01) by 14% with treatment, reaching a maximum of 30.56 g/100 g of total FAs at

4.12 g valine/d. All other key fatty acids were unaffected.

3.4.4. Effect of branched-chain amino acid supplementation on key fatty acids in

protozoal membranes

Isoleucine treatment did not affect protozoal membrane proportions of SFA, MUFA, or
PUFA (Table 3.7.). While the total proportion of OCFA was unaffected by treatment, the
proportion of 15:0 decreased quadratically (P<0.05) by 24%, with the greatest decrease

occurring at 2.60 g isoleucine/d.

Valine treatment did not affect the proportion of any key fatty acids in protozoal

membranes (Table 3.7.).

3.4.5. Effect of branched-chain amino acid supplementation on protozoal

enumeration and diversity
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Protozoa numbers were not affected by isoleucine treatment on experimental days 3 and 6
(Table 3.2.). On days 8-10, protozoa numbers decreased quadratically (P<0.05) by 36%
in response to isoleucine treatment, with the lowest count of 81.9 x 10° cells/mL
observed at 1.95 g isoleucine/d. Protozoal diversity, measured by the relative abundance
of entodiniomorphids and holotrichs, was not affected by isoleucine treatment (Table

3.2).
Protozoa numbers and diversity were not affected by valine treatment (Table 3.2.).

3.4.6. Effect of branched-chain amino acid supplementation on digestibility and

rumen parameters

Apparent digestibility of DM, OM, NDF and ADF was not affected by isoleucine
treatment (Table 3.3.). Total and individual VFA proportions (acetate, propionate,
butyrate) were also unaffected by treatment, as was the acetate:propionate ratio. Average
fermenter pH decreased linearly with treatment (P<0.01), reaching the lowest value of
5.06 at 1.95 g isoleucine/d. The number of minutes the CCF pH remained below 5.6 was

not affected by treatment.

Valine treatment did not affect apparent digestibility of DM, OM, NDF and ADF (Table
3.3.). Total and individual VFA proportions (acetate, propionate) were also not affected
by treatment, as was the acetate:propionate ratio. However, the proportion of butyrate
increased linearly (P<0.05), reaching a maximum of 17.95 mmol/L at 3.09 g valine/d.
Average fermenter pH increased linearly (P<0.01) with valine treatment, reaching 5.86 at

4.12 g valine/d. The duration spent below a pH of 5.6 was not affected.
3.4.7. Effect of branched-chain amino acid supplementation on bacterial diversity
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The three predominant bacteria phyla observed across all isoleucine treatments were
Firmicutes (averaging 76.97 + 3.25% relative abundance), Actinobacteria (averaging
19.08 + 3.26% relative abundance), and Bacteroidetes (averaging 1.92 + 0.57% relative
abundance). The relative abundance of any bacterial phyla was not affected by isoleucine
treatment (Figure 3.1.). The most abundant bacterial genera across all treatments were
Syntrophococcus (averaging 15.41 + 3.65% relative abundance), Lachnospiraceae (14.65
+ 1.30%), and Olsenella (11.55 + 1.88%). Of the 20 genera and species identified at >1%
abundance, none were affected by isoleucine treatment (Figure 3.2.). Alpha diversity,
richness, and evenness of the rumen bacterial community were not influenced by

isoleucine treatment (Table 3.8.).

Across all valine treatments, the three most abundant bacterial phyla were Firmicutes
(averaging 64.87 + 2.53% relative abundance), Actinobacteria (17.14 + 2.99%), and
Bacteroidetes (12.56 = 1.93%). The relative abundance of Proteobacteria (4.61 + 0.66%)
decreased linearly (P<0.05), with the lowest value (2.79 = 0.38%) observed at4.12 g
valine/d (Figure 3.1.). The most frequently occurring bacterial genera were
Acetitomaculum (averaging 16.29 + 2.89% relative abundance across all four treatments),
Prevotella (10.05 = 1.74%), and Lachnospiraceae (7.67 + 1.48%). Valine treatment
resulted in a quadratic decrease (P<0.01) of bacteria within the genus Eubacterium;
relative abundance decreased from 2.19 + 0.31% to 0.89 £ 0.40% at 2.06 g valine/d,
followed by a two-fold increase to 2.70 + 0.75% at 4.12 g valine/d. Lachnospira
decreased quadratically (P<0.01) by 47%, reaching a minimum of 1.51 + 0.44% at 2.06 g
valine/d. Catenisphaera decreased quadratically (P<0.05) to 0.73 + 0.33% at 2.06 g

valine/d, followed by doubling to 2.05 + 0.99% at 4.12 g valine/d. A quadratic decrease
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(P<0.05) was also observed in Sharpea, which declined from 1.54 + 0.68% to 0.47 +
0.23% at 2.06 g valine/d, then increased 8-fold to 4.45 + 2.44% at 4.12 g valine/d. All
other bacterial genera and species occurring at >1% abundance were unaftected by valine
treatment (Figure 3.2.). Bacterial diversity, measured by alpha diversity, richness, and

evenness of the bacterial community, was not affected by valine treatment (Table 3.8.).

3.5. Discussion

Rumen microorganisms synthesize a variety of bioactive FAs, including BCFAs, which
are an emerging class of rumen-derived FAs with potential human health benefits
(Taormina et al., 2020). Despite their significance, the microbial biosynthetic pathways
through which BCFAs are derived from BCAAs remain poorly understood, particularly
in the rumen environment. To address this knowledge gap, this experiment aimed to
investigate the synthesis of BCFAs by rumen bacteria and protozoa using BCAAs as the
metabolic precursors. Continuous culture fermenters were employed to determine both
the proportions (expressed as percentage of total FAME identified) and ratios of BCFA in
bacterial and protozoal membranes. Additionally, microbial community structures were

examined to assess the impact of increasing doses of two BCAAs, valine and isoleucine.

Supporting the hypothesis, supplementation of isoleucine increased the total proportion
of odd-chain anteiso-BCFAs in bacterial membranes and particularly increased the
proportion of a select BCFA, anteiso-15:0, in the membrane lipids of both bacteria and
protozoa. Total iso-BCFAs decreased with isoleucine supplementation, a notable
observation previously reported in Bacillus cultures (Kaneda, 1966). Valine
supplementation increased the total proportion of even-chain iso-BCFAs in bacterial

membranes, while a singular BCFA, iso-14:0, increased in protozoal membranes. Total
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anteiso-BCFAs decreased in bacterial membranes with valine supplementation, an

inverse relationship similar to that observed with isoleucine.

3.5.1. Branched-chain fatty acids

The biosynthetic pathway and conversion of isoleucine to odd-chain anteiso-BCFAs in
rumen protozoa and bacteria was investigated first. Research in bacterial species,
particularly Bacillus (the most extensively researched being Bacillus subtilis), has
identified isoleucine as the metabolic precursor for odd-chain anteiso-BCFAs (Kaneda,
1977). In this study, isoleucine supplementation resulted in a dose-dependent increase in
the proportion of anteiso-15:0 in both bacterial and protozoal membranes, while the
proportions of anteiso-13:0 and anteiso-17:0 remained unchanged. The preferential
synthesis of anteiso-15:0 following isoleucine supplementation is not fully understood
but may be influenced by the enzyme systems involved in BCFA synthesis. Prior research
indicates that different Bacillus species vary in the composition and ratios of BCFAs
within their membrane lipids. For example, Bacillus cereus produces a wide range of
odd-chain anteiso-BCFAs (12 to 17 carbons), while Bacillus subtilis synthesizes a
narrower range (14 to 17 carbons) (Kaneda, 1974). These differences have been
attributed to two factors: 1) chain elongation termination (Kaneda, 1974) and i1)
physiological conditions (Kaneda, 1966). The elongation of 2-methylbutyryl-CoA,
catalyzed by type II fatty acid synthase (Fasll), may favor specific chain lengths (Kaneda,
1966). The observed preferential synthesis of anteiso-15:0 may be influenced by FaslI,
which elongates 2-methylbutyryl-CoA with apparent specificity for certain chain lengths
(Kaneda, 1966). This specificity could explain why anteiso-13:0 and anteiso-17:0

proportions remained unchanged despite isoleucine supplementation. Notably, a quadratic
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increase in anteiso-15:0 proportions was observed with isoleucine supplementation,
indicating that there is likely a maximum threshold for isoleucine supplementation,
beyond which the synthesis of anteiso-15:0 does not increase. This plateau may result
from enzyme oversaturation, such as FaslI’s inability to further elongate 3-methylbutyryl-
CoA into anteiso-15:0. Further research should investigate key intermediates (e.g., o-
ketoisocaproate and 2-methylbutryl-CoA) and enzyme activity at each step of the

metabolic pathway to better understand this dose-response relationship.

The biosynthetic pathway of converting valine into even-chain iso-BCFAs by rumen
microorganisms was also investigated. Valine supplementation resulted in an increase in
the combined proportion of even-chain iso-BCFA proportions (iso-12:0, iso-14:0, iso-
16:0, iso-18:0) in bacterial membranes in a dose-response manner. This result partly
supports the hypothesis, as only rumen bacteria were shown to produce even-chain iso-
BCFAs in a dose-response manner from valine supplementation. In protozoal
membranes, proportions of only a singular even-chain BCFA, iso-14:0, increased with
valine treatment; it is unclear why a singular even-chain iso-BCFA increased in protozoal
membranes resulting from valine supplementation. This may be due to competition
between bacteria and protozoa for substrate in the rumen, as they have been shown to
compete for nutrients (Denton et al., 2015). It is possible that bacteria more efficiently
synthesize even-chain iso-BCFAs from valine, thereby reducing protozoal access to
valine as a substrate. Additionally, protozoa may possess greater enzyme specificity for
certain BCFAs chain lengths, leading to the preferential synthesis of iso-14:0. The
enzyme involved in BCFA chain elongation is BCFA synthetase, which extends BCFA

intermediates (carboxylic acids) using malonyl-CoA (Kaneda, 1991 and Taormina et al.,
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2020). Within protozoa, the activity of BCFA synthetase may favor specific chain lengths

or fail to efficiently elongate beyond iso-14:0, resulting in the observed pattern.

It is important to compare the BCFA proportions obtained in this study, averaging 5.8
g/100 g of total FAs in bacterial membranes and 2.7 g/100 g in protozoa, to those
previously measured. Total BCFA proportions of rumen bacterial and protozoal
membranes supplemented with varying types of pasture in vivo average 11.34 g/100 g
and 6.3 g/100 g, respectively; these proportions are greater than those in measured in this
experiment (Bainbridge et al., 2018). The differences in diets between studies may have
contributed to this variation, supporting the hypothesis that diets high in forage lead to an
increase in BCFAs (Vlaeminck et al., 2006). Nonetheless, this highlights an important
discrepancy between BCFA proportions in vitro compared to those in vivo. Total BCFAs
in bacterial membranes in vitro averaged 8.3 g/100 g in a similar study investigating the
supplementation of BCVFAs; while direct comparisons cannot be made between that
study and this experiment due to the use of different CCF systems, the proportion of total
bacterial BCFAs in this experiment was measured to be less (Mitchell et al., 2023).
Branched-chain volatile fatty acids include isobutyrate, isovalerate, 2-methylbutyrate,
which are exogenously sourced precursors that can be used by rumen microbes to
synthesize BCFAs (Kaneda, 1991). The result of their supplementation may indicate that
BCVFAs are metabolized more efficiently into BCFAs, leading to an increase in total
BCFA proportions. Nevertheless, further research is needed to analyze the effects of
different experimental conditions and supplements on total BCFA proportions as few in

vitro experiments detail BCFA proportions in both bacteria and protozoa.
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Following isoleucine supplementation, total iso-BCFAs in bacterial membranes
decreased, while odd-chain anteiso-BCFAs increased. Similarly, odd-chain anteiso-
BCFAs were observed to decrease in bacterial membranes while even-chain iso-BCFAs
increased following valine supplementation. These findings suggest a potential
relationship between iso- and anteiso-BCFAs when one BCAA (i.e. isoleucine or valine)
is supplemented. Similar observations have been made in Bacillus cultures, where the
addition of a single BCAA (i.e. valine or isoleucine) resulted in the increased synthesis of
structurally related BCFAs (even-chain iso-BCFAs and odd-chain anteiso-BCFAs,
respectively) and decreased synthesis of other BCFAs (Kaneda, 1966). Kaneda (1966)
hypothesized that this relationship results from competition between intermediates,
specifically a-keto acids, formed during the biosynthesis of all three BCFAs. The
formation of a-keto acids was suggested to be the rate-limiting step in BCFA biosynthesis
(Kaneda, 1966). Notably, supplementing monocultures of Listeria monocytogenes with
equal amounts of BCAAs resulted in an increased anteiso:iso BCFA ratio (Zhu et al.,
2005). A similar pattern was observed in Listeria monocytogenes when studying the
effects of isoleucine supplementation on membrane fluidity under cold temperatures (Zhu
et al., 2005). Supplementing monocultures with equal amounts of BCAAs resulted in an
increased anteiso:iso BCFA ratio, even under normal temperature conditions. Zhu et al.
(2005) hypothesized that enzymes along the BCFA biosynthesis pathway preferentially
utilize anteiso precursors over iso precursors, likely due to the superior ability of anteiso-
BCFAs to maintain membrane fluidity (Zhu et al., 2005). In summary, the findings of this
experiment, in conjunction with prior research in monocultures, indicate that isoleucine

serves as a preferred BCAA precursor in the BCFA biosynthesis pathway. This preference
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results in an increased anteiso:iso BCFA ratio along with a notable rise in anteiso-15:0.
However, differing amounts of each BCAA, when supplemented individually or in
combination, may yield different outcomes. For instance, sufficient supply of each BCAA
might support increased synthesis of their structurally related BCFA. Enzymes in the
BCFA biosynthesis pathway favored iso precursors in this experiment, as evidenced by
the increase in even-chain iso-BCFAs with valine supplementation. Results from this
experiment also demonstrate that isoleucine supplementation had an optimal dose (1.95g
isoleucine/d) for maximizing the synthesis of odd-chain anteiso-BCFAs, while valine
supplementation required a higher dose (4.12g valine/d) to maximize even-chain iso-
BCFA production. It would be of interest to conduct an experiment supplementing valine
and isoleucine simultaneously at their respective optimal levels. This approach may yield
different results than those reported by Zhu et al (2005), who supplemented equal BCAA
amounts. Supplementing valine and isoleucine at their optimal, but unequal levels, may
allow for simultaneous increases in both odd-chain anteiso-BCFAs and iso-BCFAs in

microbial membranes.

3.5.2. Comparison of microbial lipid content between bacteria and protozoa

Bacterial membranes contained greater overall proportions of BCFAs following both
isoleucine and valine supplementation compared to protozoal membranes. Nevertheless,
the proportions of BCFAs in protozoal membranes increased with BCAA
supplementation, suggesting that protozoa may have the ability to synthesize BCFAs.
However, protozoa in the rumen engulf bacteria (Hackmann, 2017), which might explain
why the proportions of BCFAs were lower in protozoa compared to bacteria. Bacteria

likely synthesize more BCFAs due to their critical role in maintaining cell membrane
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fluidity and permeability (Hauser et al., 1979 and Kaneda, 1991). Few studies have
measured the proportion of BCFAs in rumen protozoa in vitro; further research is needed
to confirm the hypothesis of this study and determine whether protozoa synthesize
BCFAs from BCAA precursors. This could involve isolating rumen protozoa species and
maintaining them in anaerobic culture with high-fiber diets to enhance protozoal viability
(Dehority, 2010; Park et al., 2017). Additionally, eliminating bacteria from protozoal
culture using antibiotics has proven challenging, but further experimentation may yield

success (Park et al., 2017).

3.5.3. Bacterial composition within CCF's

A secondary objective of this experiment was to examine changes in the rumen microbial
composition and determine whether BCAA supplementation changed the rumen
microbiota. No changes in bacterial diversity, richness, and evenness were observed over
the course of both experiments, indicating that neither isoleucine nor valine
supplementation affects bacterial diversity. Similarly, relative abundances of both
bacterial phyla and genera remained unchanged by isoleucine treatment, suggesting that
isoleucine supplementation has no substantial impact on bacterial community structure.
Minor shifts in the abundance of minor bacterial phyla and genera were observed
following valine treatment, suggesting that while overall microbial diversity and richness
are unaffected, subtle changes in bacterial composition may occur within the rumen

environment.

The composition of bacterial genera has been reported to differ between in vitro systems
and in vivo models. Comparisons of microbial communities using 16S amplicon

sequencing have shown that the overall microbial community differs between the rumen
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and simulated rumen environments (Salfer et al., 2016). The core genera of bacteria in in
vivo studies consists of Prevotella (19%), Ruminococcus (7%), and Butryrivibrio (4%)
(Henderson et al., 2015; Xue et al., 2019). Research into differences in bacterial
composition between fresh rumen fluid and rumen fluid maintained in continuous culture
revealed a different core microbiota than that identified in vivo; additionally, core
microbiota also differed between studies (i.e., Succinivibrio, Prevotella, and
Megasphaera; Liu et al., 2024 and Prevotellaceae, Lachnospiraceae, and
Spirochaetaceae; Dai et al., 2018). In this experiment, core microbiota differed from both
in vivo and in vitro samples mentioned previously: dominant genera in culture samples
supplemented with isoleucine were Lachnospiraceae (15% abundance), Acetitomaculum
(6%), and Syntrophococcus (15%); culture samples supplemented with valine contained
Acetitomaculum (16%), Prevotella (10%), and Lachnospiraceae (8%). Notably,
Prevotella was the only genus identified in this experiment that resembled the core
microbiota of in vivo samples, suggesting that the bacterial composition observed in the
valine experiment more closely resembles the rumen microbiota than the composition
observed in the isoleucine experiment. While the abundance of Prevotella identified in
this experiment was lower than reported in in vivo studies, its consistent presence in both
settings support partial alignment between this experiment’s in vitro microbial
community and the native rumen ecosystem. Nonetheless, the prominence of
Acetitomaculum and Lachnospiraceae in the valine experiment differs from in vivo
findings and mirrors the bacterial profile observed in the isoleucine experiment, where
Lachnospiraceae (15%) and Acetitomaculum (6%) dominated. The observation of both

bacterial genera within culture samples is likely due to the low pH conditions observed in
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this experiment as well as a lack of host interaction (Petri et al., 2013; Kitkas et al., 2022;
Zang et al., 2022). In summary, while in vitro rumen models like CCFs are designed to
simulate rumen environments, some differences, such as microbial community structures,

remain evident.

3.5.4. Protozoal enumeration and diversity

Isoleucine supplementation had no effect on protozoal diversity throughout the
experiment. Despite efforts to prevent protozoal wash out in the CCFs using a filter
sponge (see Chapter 2), isoleucine treatment did impact protozoal numbers on
experimental days 8-10. Although our previous research demonstrated that a filter sponge
can help mitigate the significant loss of protozoa in CCFs (see Chapter 2), protozoal wash
out remains a consistent limitation in studies using this system (Moumen et al. 2009,
Hristov et al. 2012, Cabeza-Luna et al. 2018). The decrease in protozoa observed in this
study could suggest that isoleucine inhibits the growth of protozoa, although no research
currently supports this hypothesis. Protozoa play a crucial role in the degradation of plant
matter in the rumen (Puniya et al., 2015); however, the protozoal loss in this experiment
was not significant enough to negatively affect feed digestion. Notably, Kajikawa et al.
(2007) found that the inhibitory effects of isoleucine on digestion and fermentation could
be alleviated when supplemented alongside leucine and valine, the other two BCAAs.
Valine supplementation had no effect on protozoal diversity or numbers throughout the
experiment. These findings differ from those observed in cultures supplemented with
isoleucine, despite the use of the same protozoal retention strategy involving a filter
sponge (see Chapter 2). Although it cannot be ruled out that isoleucine may directly

inhibit protozoal growth, the absence of protozoal inhibition following valine

85



supplementation may indicate that supplementing a mixture of BCAAs could mitigate the

reduction of protozoal numbers observed here.

3.5.5. Changes in key fatty acids

While most key FAs synthesized by rumen microbes remained unaffected, one OCFA,
15:0, decreased in protozoal membranes with isoleucine supplementation. OCFAs are
primarily synthesized by rumen microorganisms using odd-chain precursors, such as
propionyl-CoA (Zhang et al., 2020). The synthesis of BCFAs from BCAAs by rumen
microorganisms includes several intermediary steps, one of which includes the creation
of branched-short chain acyl-CoA esters (i.e., isobutyryl-CoA from valine and 2-
methylbutyryl-CoA from isoleucine) (Taormina et al., 2020). Following the creation of
these branched-short chain acyl-CoA esters, a metabolic forking occurs; branched-short
chain acyl-CoA esters are either converted into structurally specific BCFAs or into
propionyl-CoA (Crown et al., 2015). Propionyl-CoA serves as a substrate for the
biosynthesis of OCFA, including 15:0 (Crown et al., 2015 and Zhang et al., 2020). The
observed decrease in 15:0 OCFA in protozoal membranes suggests a metabolic trade-off
between BCFA and OCFA synthesis, likely mediated by competition for propionyl-CoA.
Biosynthesis of BCFAs may have outcompeted OCFA synthesis in protozoa due to
increased availability of precursors (i.e., supplementation of isoleucine). This finding
highlights a potential metabolic interplay within rumen microorganisms that warrants

further investigation through stable isotope tracing or metabolic flux analysis.

3.5.6. Impact of culture pH
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The average pH measured from CCFs in this experiment is considered low; pH in CCFs
supplemented with isoleucine averaged 5.17, while valine-supplemented CCFs averaged
5.79. pH was not controlled in this study, which may have led to several notable
observations. Primarily, the environmental conditions under which BCFA synthesis
occurs can influence chain length. anteiso-BCFAs help maintain bacterial membrane
fluidity particularly under stressful conditions (i.e., low pH) (Kaneda et al., 1977; Hauser
et al., 1979; Vlaeminck et al., 2006). Isoleucine supplementation led to increased
proportions of anteiso-15:0 compared to structurally related odd-chain anteiso-BCFAs,
which may have been enhanced by low culture pH, as anteiso-15:0 BCFA are known to
enhance membrane fluidity under stress conditions (Kaneda et al., 1977; Hauser et al.,
1979; Vlaeminck et al., 2006). Additionally, low pH may have contributed to the increase
in 18:1 #10 observed when supplementing valine. The accumulation of 18:1 710 does tend
to increase under low ruminal pH conditions, likely due to the favoring of microbial
pathways producing this frans isomer (Enjalbert et al., 2008; Fuentes et al., 2011).
Although no prior research has explicitly linked valine supplementation with increased
18:1 t10 production, this potential relationship cannot be ruled out. While investigating
the effect of BCAA supplementation on the rumen microbiota in this experiment, the
consistently low pH (<5.6) observed in our CCF system likely influenced the bacterial
community structure, favoring acid-tolerant genera such as Lachnospiraceae (Petri et al.,
2013; Kitkas et al., 2022; Zang et al., 2022). The dominant genera observed in this
experiment differed from that of the native rumen ecosystem; in vivo, rumen pH is
maintained through buffering via saliva, which may account for the differences observed

in microbial composition (Welty et al., 2019). Furthermore, protozoal retention outcomes
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differed between the two BCAA experiments and may reflect the variations in culture pH.
The higher pH in the valine-supplemented CCFs may have contributed to improved
protozoal survival, as extended periods of low pH are detrimental to rumen protozoa
(Franzolin and Dehority, 2010). The findings of this study highlight the importance of pH
and warrant further investigation into the effects of supplementing BCAAs on microbial
community structures and the production of 18:1 isomers, particularly in a rumen

environment where pH is tightly maintained above 6.

3.5.7. Limitations

A limitation of this study was the possible cross-contamination between bacterial and
protozoal fractions. While samples of each fraction were washed with buffer until
supernatant ran clear, no microscopic confirmation occurred. This may have led to
contamination of samples, particularly remnants of bacteria within protozoal fractions.
Protozoa are closely associated with bacteria within the rumen due to their consumption
of bacteria (Hackmann, 2017); therefore, as fractions were not microscopically confirmed
to be free of bacteria, it may be that there was a presence of bacteria within protozoal
fractions when analyzed for fatty acids. An additional limitation of this study was the
limited taxonomic resolution of the bacterial community analysis. While bacterial genera
and phyla were able to be identified and compared across similar studies, species of
bacteria were not. The ability to isolate bacterial species for identification and
classification is a useful tool that may have contributed to associating BCFA proportions
with microbial shifts, as done in similar studies (Vlaeminck et al., 2006; Wang et al.,

2012).

3.6. Conclusion
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This study demonstrates that microbial synthesis of BCFAs in rumen microbes can be
selectively produced through dose-dependent supplementation of BCAAs. Isoleucine
quadratically increased anteiso-15:0 synthesis in bacterial and protozoal membranes up to
a specific saturation point, while valine promoted the production of iso-14:0, indicating
distinct metabolic routing based on BCAA precursors. Notably, increases in one profile of
BCFAs (i.e., anteiso-BCFAs) led to a decrease in structurally dissimilar BCFAs (i.e., iso-
BCFAs); this observation was made in both supplementation experiments. Influence of
BCAA supplementation on microbial community shifts was minor, yet differences from
in vivo profiles indicate variability in in vitro microbiota. Research has already begun into
the supplementation of BCAAs, particularly leucine, to increase BCFA content in milk
(Sun et al., 2025). Future research should include in vivo studies to assess implications
for milk fat composition and explore optimal BCAA combinations to inform targeted

nutritional strategies in feed formulation.
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Table 3.1. Chemical composition of the diet fed to CCFs.

Nutrient (% of DM) TMR  Corn Silage! Grain

DM 88.57 33.92 88.5

CP 22.60 6.55 26.83
ADF 23.10 17.94 26.25
aNDFom 36.64 34.27 37.69
Starch 10.38 42.87 2.28
Sugar (ESC) 6.43 0.20 10.66
Isoleucine 0.83 0.16 1.71
Valine 0.65 0.29 2.57

Fat content 2.62 2.92 2.25

Fatty acid composition
(g/100g)

16:0 14.60 20.08 24.44

18:0 2.27 3.43 3.82
18:1¢9 18.10 15.80 22.16
18:2¢9,cl12 46.72 49.02 35.28
18:3 ¢9,c12,c15 6.03 4.89 7.40
> SFAs? 23.34 26.75 31.38

Y MUFAs® 20.55 18.57 24.99
>PUFAs® 56.11 54.68 43.63

>BCFAs 0 0 0

33'SFAs: 8:0 — 24:0, ®Y MUFAs: 16:1 7¢; 16:1 9¢; 17:1 9c¢; 18:1 9t;
18:1 10t; 18:1 11t; 18:1 12t; 18:1 9¢; 18:1 15t; 18:1 11¢; 18:1 12¢;
20:1 5¢ (n-15); 24:1 15c¢, ©Y PUFAs: 18:2 9¢,13t/8t.12¢/10t,14¢;

18:2 9c¢,12¢ (n-6); 18:3 ¢9,c12,c15 (n-3); 20:2 11c,14c (n-6); 20:3 Sc,
8c,11c (n-6); 20:5 5¢,8¢c,11¢,14c,17¢c (n-3); 22:2 13cl6¢ (n-6); 22:4
7¢,10¢,13¢,16¢ (n-6); 18:2 9¢,11t; 18:2 10t,12¢; 18:2 8c, 10c; 18:2 8t,
10t, drefers to a different batch of corn silage. This corn silage was
used in isoleucine experimental periods 3 and 4 and exclusively used
for valine experiments.
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Table 3.2. Protozoa numbers and diversity in response to BCAA treatment.

Isoleucine (g) P-value Valine (g)
Item 0.65 130 195 260 SEM Lb Q¢ 1.03 2.06 3.09 4.12 SEM
Protozoa numbers,
cells/mL (x 10%)
3a 728 845 617 882 979 376 355 396 398 11.4
67 585 641 471 596 573 520 547 432 577 56.0
8-102 914 737 581 741 544 * * 410 417 372 497 36.1
% Entodiniomorphids
3a 79.1 85.6 96.4 837 4.10 95.3 91.2 94.7 95.1 1.12
6? 83.9 835 934 831 447 93.5 93.3 92.6 93.8 0.92
8-107 89.6 89.9 955 825 3.04 93.6 92.9 94.6 94.9 0.49
% Holotrichs
3a 20.8 143 3.57 162 4.10 4.72 8.83 5.26 4.93 1.12
67 16.1 164 6.57 168 447 6.49 6.72 7.42 6.16 0.92
8-102 10.3 100 449 174 3.04 6.43 7.01 5.44 5.06 0.49

]logged for normality, ® L=linear “Q=quadratic effect. *p<0.05.
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Table 3.3. Apparent digestibility, volatile fatty acids and fermenter pH in response to
BCAA supplementation.

Isoleucine (g) P-value Valine (g) P-value
Item 0.65 130 195 260 SEM LY 103 206 3.09 412 SEM Ld
Apparent
digestibility
DM % 763 874 829 825 231 78.7 809 815 798 0.99
OM % 749 86.7  82.1 81.6 245 773 799 805 787 0.38
NDF % 90.1 928 925 912 0.52 96.3 957 965 963 0.26
ADF % 939 956 954 947 0.39 979 974 984 978 1.04
VFAs (mmol/L)
Total® 105 1089 112 105 4.80 80.3 838 853 757 5.78
Acetate 50.1 504 543 489 226 50.5 537 56.7 483 4.84
Propionate 398 405 443 428 239 293 293 266 243 1.1
Butyrate® 13.7  16.6 124 121 099 121 167 179 169 1.05 *
Acetate:Propionate®  1.30  1.31 1.23 1.14  0.06 1.82  2.02 221 199 0.14
pH®
Mean 520 530 506 513 001 ** 576 581 568 589 0.02 **
Minutes under 5.6° 900 843 963 900 89.1 357 427 121 317 507

3total of acetate, propionate, and butyrate, ®logged for normality, ¢ average per day, ‘L=linear effect.
*p<0.05,**p<0.01.
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Table 3.4. BCFAs in bacteria samples in response to BCAA supplementation, expressed as
g/100 g of total FAs.

Isoleucine (g) P-value Valine (g) P-value
BCEA 0.65 130 195 260 SEM LY Q° 1.03 206 3.09 4.12 SEM L4
(g/100g)

iso-14:0* 0.44 0.16 0.10 0.09 0.05 * 0.22 0.24 048 054 0.06 *k
iso-15:02 0.49 0.28 0.23 0.15 0.04 * 052 032 030 0.38 0.05
anteiso-15:0 3.86 513 549 484 0.23 * 3.09 188 226 1.60 0.28

iso-16:0* 0.62 0.15 0.08 0.09 0.08 * 057 0.61 091 1.25 0.11 *k
iso-17:0 0.21 0.12 0.15 0.12 0.01 020 0.15 0.15 o0.21 0.01
anteiso-17:0 0.52 0.71 0.67 0.69 0.05 040 032 035 034 0.03

> even-chain

50-BCFAg® 1.06 030 0.19 0.17 0.11 ok * 079 087 142 192 0.17 Hox

%ﬁg‘é’gﬁ;ﬂ, 077 044 041 032 005 ** 072 047 044 060 0.6
Z;g;e:so- 475 616 644 582 025 ®% 372 236 276 213 032  **
YBCFAs® 658 691 703 631 021 564 401 489 490 040

Yogged for normality, ®includes minor iso-BCFAs comprising <5% of total BCFAs (iso-12:0 and 13:0), ‘L=linear
effect, °“Q=quadratic effect, fincludes minor anteiso-BCFAs comprising <5% of total BCFAs (anteiso-13:0, 14:0, and
16:0) *p<0.05, **p<0.01.
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Table 3.5. BCFAs in protozoa samples in response to BCAA supplementation, expressed as
g/100 g of total FAs.

Isoleucine (g) P-value Valine (g) P-value
BCFA (g/100g)  0.65 130 195 260 SEM LY Q° 1.03 206 3.09 412 SEM L¢
is0-14:0° 016 007 006 005 0.02 009 013 015 017 002  *

is0-15:0° 018 009 008 009 0.01 025 016 010 016  0.04
anteiso-15:0 147 190 201 187 0.2 * 112 080 089 056 0.14
is0-16:0° 017 008 003 005 0.03 1.09 111 114 113 006
is0-17:0 009 006 004 005 0.01 012 014 011 012 001
anteiso-17:0 041 036 039 039 0.05 022 023 021 022 002
z evgggiaslj; 507025 0.1 008 006 003 * 120 126 137 138  0.08
z O%‘jlc';}f?b”‘" 037 022 021 021 002 * * 036 030 021 027 005
Y anteiso-BCFAs' 1.93 227 242 229 0.15 153 112 123 094 017
Y BCFAs 255 260 270 2.56 0.14 311 269 281 259 022

?ogged for normality, "includes minor iso-BCFAs comprising <5% of total BCFAs (iso-12:0 and 13:0), ‘L=linear
effect, *Q=quadratic effect, fincludes minor anteiso-BCFAs comprising <5% of total BCFAs (anteiso-13:0, 14:0, and
16:0) *p<0.05, **p<0.01.
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Table 3.6. Key fatty acids in bacteria membranes in response to BCAA supplementation.

Isoleucine (g) Valine (g) P-value
Keyfattyacids ) cs 130 195 260 SEM 103 206 309 412 SEM Lf
(g/100 g)
TSFA® 3731 3571 3661 3577 051 3253 3291 3311 2905 1.03
16:0 2126 2078 2026 2044 034 1856 1949 1924 1777 0.64
18:0 767 796 799 777 063 605 520 758 574 047

>MUFA® 42,67 4041 4177 4207 0.70 46.57 4760 46.84 5055 1.03
18:1 £10° 2198 2044 2191 21.15 0.68 2681 2834 28.17 3056 1.08 *

18:1 ¢9 11.19 11.08 1044 1121 030 9.75 11.18 1059 1148 0.33

YPUFAs¢ 1344 1696 1459 1583 089 13.60 1435 1345 1432 033
18:2 ¢9,c12 10.77 1433 11.89 13.01 086 6.56 7.76 6.88 7.84  0.29

18:3 084 111 079 093 007 056 056 054 073 008
9,c12,c15
SOCFA® 453 329 424 349 026 581 492 452 360 063
15:0 220 172 192 172 011 315 169 179 182 029
17:0 111 096 104 08 006 092 070 077 086 004

3'SFAs: 10:0 — 20:0, *logged for normality in valine samples, S MUFAs: 16:1 7c; 16:1 9c; 18:1 4t; 18:1 5t;
18:1 6-8t; 18:1 9t; 18:1 10t; 18:1 11¢t; 18:1 12t; 18:1 6-8c; 18:1 9¢c; 18:1 15t; 18:1 11¢; 18:1 12¢; 18:1 13¢;
18:1 14¢/16t; 18:1 15¢, 9y PUFAs: 18:2 — 18:3; 18:2 9c11t; 18:2 10t12c; 18:2 9cllc; 18:2 10c12c; 18:2
11t13t; 18:2 7t-9t-10t, 12t, °SOCFA: 11:0 — 17:0, fL=linear effect, 8Q=quadratic effect. *p<0.05.
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Table 3.7. Key fatty acids in protozoa membranes in response to BCAA supplementation.

Isoleucine (g) P-value Valine (g)
Kezg%g ;lds 065 130 195 260 SEM Lf Q¢ 1.03 206 309 412 SEM
Y SFA? 2917 2927 2950 30.12 048 2976 2932 3143 2983 0.77
16:0 16.19 1622 1579 1672 023 1519 1667 1740 16.86 0.54
18:0 973 1055 1092 10.14 0.52 915 757 961 801 0.64
YMUFA® 4534 4322 4545 4368 101 48.66 4951 4681 50.80 0.77
18:1 ¢10° 23.95 2247 2457 21.66 0.79 2858 28.62 2743 3096 0.74
18:1 ¢9 1462 1448 1361 1485 0.07 11.88 1402 1281 12.83 0.57
Y PUFAs¢ 2226 2491 2243 2364 0.83 1859 1871 19.06 17.36 0.70
182¢9,c12  17.94 2083 1806 19.11 1.08 1124 11.10 11.56 10.18 0.61
183 c9,¢12,c15 239 262 236 245 037 168 163 174 147  0.08
Y OCFA® 1.94 127 145 142 0.13 210 139 153 148 0.15
15:0 089 059 065 062 006 * * 08 059 063 060 0.09
17:0 060 053 056 054 003 065 063 058 068 0.02

3'SFAs: 10:0 — 20:0, *logged for normality in valine samples, S MUFAs: 16:1 7c; 16:1 9c; 18:1 4t; 18:1 5t;
18:1 6-8t; 18:1 9t; 18:1 10t; 18:1 11¢t; 18:1 12t; 18:1 6-8c; 18:1 9¢c; 18:1 15t; 18:1 11¢; 18:1 12¢; 18:1 13¢;
18:1 14¢/16t; 18:1 15¢, 9y PUFAs: 18:2 — 18:3; 18:2 9c11t; 18:2 10t12c; 18:2 9cllc; 18:2 10c12c; 18:2
11t13t; 18:2 7t-9t-10t, 12t, °SOCFA: 11:0 — 17:0, fL=linear effect, 8Q=quadratic effect. *p<0.05.
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Table 3.8. Species diversity, evenness, and richness indices of rumen bacteria
supplemented with BCAAs.

Isoleucine (g) Valine (g)
Indices 065 130 195 260 SEM 1.03 2.06 3.09 4.12 SEM
Observed OTU’s 392 337 392 314 1504 346 419 375 440 17.47
Shannon 539 511 553 538 0.122 579 5.31 5.71 577  0.150
Simpson 094 092 094 093 0.007 0.96 0.89 0.93 093  0.012
Chao 393 337 392 314 15.06 347 421 376 441 17.58
Coverage 1.00 1.00 1.00 1.00 0.000 1.00 1.00 1.00 1.00  0.000
Pielou 0.63 061 0.65 065 0013 0.69 0.61 0.67 0.66 0.017
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Chapter 4: General Discussion and Conclusions
4.1. General Discussion

This thesis aimed to determine if rumen microorganisms synthesize BCFAs from BCAAs
in a dose-response manner within a simulated rumen environment (i.e., CCFs). Prior to
investigating BCFA synthesis, a filter system was developed with the specific goals of
remaining sturdy, being reusable, and maintaining both protozoa numbers and diversity
within CCFs. The hypothesis was that polyurethane sponge would serve as a better
method for protozoal sequestration than that of a nylon bag. Following the optimization
of CCFs, two BCAAs (isoleucine and valine) were supplemented in a dose-response
manner to rumen microorganisms iz vitro. The aim of this investigation was to determine
whether rumen microorganisms synthesize BCFAs from BCAA precursors. Secondary
objectives were to determine which doses of BCAAs yield the most BCFAs and
investigate any potential changes within rumen microbiota following BCAA
supplementation. The hypothesis was that isoleucine and valine are the metabolic
precursors for anteiso-BCFAs and even-chain iso-BCFAs, respectively, in rumen

microorganisms.

To enable investigation of BCFA synthesis in vitro, a reusable filter system was first
created for CCFs to better preserve protozoal numbers and diversity. While a few filter
designs for CCFs have already been developed (e.g., Karnati et al., 2009), most require
frequent replacement due to clogging. Incorporating a sponge into a 3D-printed filter
helped maintain protozoa abundance and diversity, producing cultures more similar to the
inoculum. In contrast, using the 3D-printed filter with a nylon bag reduced protozoal

enumeration and diversity. Thus, the 3D-printed sponge filter offers a reusable system
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that preserves microbial integrity across multiple experiments and more closely mimics

the native rumen ecosystem.

The second experiment investigated BCFA synthesis in rumen bacteria and protozoa
following supplementation with BCAAs. Using a 4 x 4 Latin square design, both
isoleucine and valine were supplemented in separate experiments. Isoleucine
supplementation increased the overall synthesis of odd-chain anteiso-BCFAs in bacterial
membranes, while only anfeiso-15:0 increased in protozoal membranes. Valine
supplementation increased even-chain iso-BCFAs in bacterial membranes, while only
iso-14:0 increased in protozoal membranes. These findings show specific BCAA
supplementation enhances structurally related BCFAs in microbial membranes. This
biosynthetic pathway in rumen microbes has not been previously well defined and
provides a foundation for nutritional strategies to increase BCFA content in ruminant

products such as milk and meat.

The biosynthesis of BCFAs has been well reviewed in a particular bacterial genus,
Bacillus (Kaneda, 1977), where BCAAs were identified as the primary precursors. This
research, combined with the identification of BCFAs in ruminant products, aided in
developing the hypothesis that rumen microbes utilize BCAAs in a similar manner to
Bacillus to synthesize BCFAs. The establishment of the BCFA biosynthetic pathway in
rumen microorganisms accomplished in this experiment also allowed for the
identification of structurally related BCFAs from isoleucine and valine (odd-chain
anteiso-BCFAs and even-chain iso-BCFAs, respectively). Certain results from this
experiment aligned with those previously observed in Bacillus. Supplementation of

isoleucine and valine increased the proportion of structurally related BCFAs in rumen
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microbial membranes. Additionally, this experiment observed a quadratic increase in odd-
chain anteiso-BCFAs following isoleucine supplementation, aligning with the quadratic
increase observed in Bacillus subtilis (Kaneda, 1966). The peak threshold of isoleucine
supplementation observed in both experiments may have resulted from enzyme
oversaturation preventing further elongation of metabolic intermediates (e.g., 3-
methylbutryryl-CoA into anteiso-15:0). A notable observation in this study was the
decrease in structurally unrelated BCFAs (iso-BCFAs) when supplementation of
isoleucine increased structurally related BCFAs (anteiso-BCFAs). This inverse
relationship was originally observed in Bacillus cultures (Kaneda, 1966);
supplementation of isoleucine similarly decreased both odd-chain and even-chain iso-
BCFAs. The similarity between findings observed in this experiment and previous
research indicate possible competition between intermediates during BCFA biosynthesis
in rumen microbes, likely occurring at a potential rate-limiting step in BCFA synthesis:

the formation of a-keto acids.

Despite these similarities, there are notable differences in BCFA metabolism between
Bacillus and rumen microbes. Isoleucine supplementation into Bacillus cultures increased
both anteiso-15:0 and anteiso-17:0 proportions; in this study, isoleucine supplementation
only increased anteiso-15:0 in rumen bacterial membranes. The lack of anteiso-17:0
synthesis in rumen bacteria may reflect differences in enzyme systems involved in BCFA
synthesis, particularly elongation preference by FASII. Greater proportions of anteiso-
17:0 may eventually be observed in milk content, as research has shown that proportions
of anteiso-17:0 are greater in milk than in rumen contents (Vlaeminck et al., 2015).

Therefore, anteiso-17:0 proportions may eventually increase as a result of isoleucine
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supplementation; this increase, however, may not be reflected prior to analysis of milk
BCFAs. Experimentation supplementing isoleucine in vivo will be necessary to evaluate
this theory. Comparisons between BCFA pathways within rumen microbes and Bacillus
reveal both similarities and differences. Further research on enzyme activity and key

intermediates may clarify these mechanisms.

A further goal of this experiment was to establish the biosynthesis of BCFAs in rumen
protozoa due to their presence in protozoal membranes (Or-Rashid et al., 2007,
Cersosimo et al., 2016). Research into BCFA synthesis in rumen protozoa is lacking;
current research often limits fatty acid analysis of rumen microbial membranes to just
bacteria. The observation of increased BCFAs in protozoal membranes following BCAA
supplementation indicates that protozoa may synthesize BCFAs. However, protozoa are
closely associated with bacteria in the rumen, engulfing them for nutrients (Hackmann,
2017). While separation of protozoal and bacterial fractions did occur, confirmation of
separation was not made; therefore, it is impossible to state that protozoa independently
synthesize BCFAs. Further research isolating protozoa to test their ability to metabolize

BCAAs into BCFAs is necessary to validate this hypothesis.

The secondary objective of this study was to investigate any impacts of BCAA
supplementation on the rumen microbial community. Overall, supplementation resulted
in only minor differences in the rumen microbial composition of CCFs. The composition
of the bacterial community in CCFs did however differ from that of the rumen in vivo,
representing a limitation of this study. The presence of a different core microbiota in
CCFs may have influenced results of this study. Nevertheless, generally abundant rumen

bacterial genera were still present (e.g., Prevotella, Ruminococcus, Butyrivibrio), albeit in
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lower proportions. This indicates that, despite differences between CCFs and the rumen,
similarities remained. While CCFs are designed to mimic rumen conditions, microbial
community structures are not identical; further in vivo research is needed to determine

whether BCAA supplementation produces similar effects.

Comparing BCFA proportions measured in this study to those in milk is important given
the overall goal of enhancing BCFA content in ruminant products for human health
benefits. Whole milk contains an average of 2% BCFA as a proportion of total FA; BCFA
proportions across both experiments in this study averaged 5.8 g/100 g of total FA in
bacterial membranes and 2.7 g/100 g in protozoa. The greater proportions observed in
rumen microbial membranes may indicate potential for increased BCFA content in milk.
Despite this, research has shown a weak relationship between rumen BCFA proportions
and subsequent flow to the duodenum and milk yield (Dewhurst et al., 2007).
Additionally, both iso-14:0 and anteiso-15:0 (BCFAs of note in this study due to their
structural relation to supplemented BCAAs) decreased in proportion between the
duodenum and the mammary gland (Vlaeminck et al., 2015). This variation may result
from 1) de-novo synthesis of BCFAs from BCVFAs in the mammary gland, ii) release of
BCFAs from adipose tissue, or iii) chain elongation in adipocytes or hepatocytes
(Vlaeminck et al., 2015). Due to these likely processes, it is not possible to determine
whether the increase observed here would translate to a higher milk BCFA content. in
vivo research is therefore necessary to examine the transport and incorporation of BCFAs

into milk.

4.2. Limitations and Strengths
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The comparison between the 3D-printed filter methods emphasized the efficacy of the
sponge model in maintaining protozoal numbers and diversity. However, the major
limitation was that these were two separate experiments conducted at different times, not
concurrently. While protozoal samples from each experiment were analyzed
simultaneously, CCF experiments employing the different filter systems (nylon bag vs.
sponge) were conducted about a year apart. Furthermore, CCF systems outfitted with
nylon bag filters were dual-flow, while sponge filters were outfitted into single-flow
CCFs. This limitation is significant, as two modes of effluent were removed in dual-flow
CCFs: both an overflow spout for solid/liquid removal and tubing for liquid removal.
Continuous culture fermenters were subsequently modified to a single-flow system,
where the outflow spout functioned for solid and liquid removal. Dual-flow CCFs
function to better mimic rumen physiology, in which liquid effluent flows out of the
rumen faster than particulate, allowing for better estimates of nutrient degradation and
microbial protein synthesis in vitro (Wenner et al., 2021). While this model allows for
more accurate interpretation of fermentation parameters in CCFs, the two effluent sources
may have led to greater removal of protozoal communities; this likely possibility led to
the use of a single-flow CCF, yet may have confounded the difference in results observed
in this experiment. These differences prevented statistical comparisons, limiting the
ability to directly evaluate both filter models. Nevertheless, similarities existed between
the two studies, including being conducted in the same laboratory with the same CCF
equipment. These similarities allowed us to make visual comparisons, emphasizing the

differences and improvements achieved with the sponge model.
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Continuous culture fermenters are an established in vitro method to simulate the rumen
microbial environment and were used in both experiments. However, this method is not
without limitations. Continuous culture fermenters are inoculated with rumen fluid
collected from fistulated cows. The rumen is maintained at 38-41°C in an anaerobic, dark
environment. Transferring rumen fluid to CCFs exposes microorganisms to light, oxygen,
and colder temperatures, which can compromise survival. Establishing rumen microbiota
within CCFs during the first 48 hours is crucial, hence the following multiple methods
were used to reduce transition stress: hot water baths, insulated collection buckets, and
rapid transport of rumen fluid. Despite these measures, not every inoculation was
successful. Rumen fluid collected for the isoleucine experiment (January-April) was
difficult to stabilize during winter months due to extreme temperature shifts. Following
methods outlined in most continuous culture studies, a 7-day adaptation period was used.
This period allowed the rumen microbiota to adjust to the environment of the CCFs,
before samples were taken on days 8-10 of the experiment. Despite these challenges, a

benefit of CCFs is the ability to recollect rumen fluid if inoculation fails.

The methodology of this study included separating bacterial and protozoal fractions for
FA analysis. Fractions were deemed separated when supernatant was clear. However,
confirmation via molecular sequencing or otherwise (i.e., microscopically) was not
performed. This limitation prevents confirmation that protozoa synthesize BCFAs
independently since bacteria may have been present in protozoal fractions, potentially
skewing results. Nonetheless, differences in BCFA proportions between bacterial and

protozoal fractions suggest that separation occurred to some extent. Further experiments
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focusing on rumen protozoa are needed to confirm their ability to synthesize BCFAs from

BCAA precursors.

Another limitation was the lower-than-average pH within CCFs. pH was not controlled in
the experiments, leading to averages below 6. This may have altered the microbial
community, favoring acid-tolerant bacteria (i.e., Lachnospiraceae) and reducing
protozoal numbers (Franzolin and Dehority, 2010; Zang et al., 2022). Thus, the microbial
community within CCFs may not have been fully representative of that of an in vivo
rumen ecosystem, potentially altering the BCFA profile that derives from rumen
microbial membranes. Despite this limitation, microbial community analyses revealed
that core microbial genera (e.g., Prevotella, Ruminococcus, Butyrivibrio) were still
present in CCFs despite lower pH, albeit in lower abundance. Low pH may also have
influenced BCFA metabolism, favoring the increase of anteiso-BCFAs in rumen
microbial membranes, as anteiso-BCFAs enhance membrane fluidity under stressful
environmental conditions (VIaeminck et al., 2006b). Thus, altered pH conditions may
have contributed to differences in BCFA synthesis that may not have been observed in
vivo. Despite this, a dose-response increase in anteiso-BCFAs was noted in this study
following isoleucine supplementation, an increase that may not have occurred if greater
anteiso-BCFAs proportions in rumen microbial membranes were solely due to stressful

environmental conditions (i.e., low pH).

The results of this thesis serve as a starting point for investigating BCFA biosynthesis in
vivo. However, applying findings from in vitro models to in vivo systems is challenging
due to the rumen’s complex ecosystem and multiple-organ interactions within the animal;

animal models represent intricate systems of organs, tissues, and physiological factors
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(Unitt, 2025), and translating research findings from in vitro to in vivo models can
therefore be difficult. Nonetheless, CCFs were developed to mimic the rumen microbial
environment and provide a bridge between in vitro and in vivo research (Hino et al.,
1993; Dillard et al., 2018). Differences between CCFs and the rumen persist, including
variation in microbial community structures. Despite this, CCFs remain a cost-effective
and convenient tool to anticipate responses in vivo. Continued integration of CCFs with

animal studies will be essential to advance understanding of BCFA metabolism.

4.3. Future Directions

Given the results of this study, further investigation into the BCFA biosynthesis from
BCAA supplementation in rumen microorganisms would be worthwhile. Future in vitro
experimentation could include supplementing isotope-labeled BCAAs in mixed rumen
microbial communities to trace metabolism, as has been done in Bacillus cultures and in
studies supplementing BCVFAs (Kaneda, 1963; Michell et al., 2023). This may
contribute to a better understanding of BCAA metabolism by rumen microorganisms,
revealing enzymes and intermediates along the BCFA biosynthetic pathway. The use of
metaproteomics in this future in vitro study would be necessary to identify and quantify
these key enzymes. A quadratic increase was noted in this thesis when supplementing
isoleucine, indicating a potential point of enzyme oversaturation along the metabolic
pathway; analyzing the supplementation of isotope-labeled isoleucine may allow for the

confirmation of this hypothesis and further clarify rumen microbial functions.

In addition, a more detailed analysis of the rumen microbial community involved in
BCFA synthesis may provide useful insights. In this thesis, bacterial community analysis

did not achieve species-level resolution. Additionally, analysis of prokaryotic 16S RNA
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sequencing data was not feasible. The analysis of these microbial sequences in
conjunction with BCAA supplementation may reveal relationships between BCFA
synthesis and microbial community shifts. Positive correlations between cellulolytic
bacteria and iso-BCFAs have been made previously, along with amylolytic bacteria and
anteiso-BCFAs (Ifkovitz and Ragheb, 1968). Further microbial analysis may support
prior research and allow for further association with bacterial species. Research into the
relationship between rumen protozoa and BCFA synthesis is currently limited; future
sequencing of prokaryotic data could expand knowledge on the subject and has the

potential to facilitate a clear connection between rumen protozoa and BCFA synthesis.

Valine and isoleucine are two of the three BCAAs along the biosynthesis pathway;
leucine was not included in this experiment. While leucine has been included in recent
studies (Sun et al., 2025), supplementing it in this dose-response study would have
facilitated direct comparison. Further studies should evaluate leucine alongside isoleucine
and valine to provide a more complete picture of BCAA-driven BCFA synthesis.
Supplementing the three BCAAs together at their maximum respective doses may
mitigate the inverse relationship observed in this study and allow for total BCFAs to
increase. This future experiment should ideally be conducted in vivo with lactating dairy
cows to investigate the BCFA profile of the milk. Multiple BCFAs, including iso-15:0,
iso-16:0, and anteiso-15:0, have been linked to potential human health benefits (Yang et
al., 2000; Wongtangtintharn et al., 2004). Therefore, increasing proportions of all BCFAs
through combined BCAA supplementation would contribute to the goal of enhancing

BCFA content in ruminant products for human consumption.
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In conjunction with investigating potential competition between BCFA intermediates in
vivo, analyzing BCAAs under varying dietary conditions (e.g., different forage-to-
concentrate) may be worthwhile, as greater dietary NDF has been shown to increase
BCFA proportions in milk (Corazzin et al., 2019). This thesis investigated the
supplementation of BCAAs into a TMR diet that mimicked the composition of the diet
fed to lactating dairy cows at the University of Vermont’s Paul Miller Research Complex:
approximately 60% forage and 40% concentrate. Future research increasing dietary NDF
by feeding greater amounts of forage alongside BCAA supplementation could further
increase BCFA content in milk, further supporting prior research that detailed positive

correlations between dietary NDF and BCFA content in milk (Vlaeminck et al., 2006a).

Continuous culture fermenters were beneficial in this study due to ease of sampling and
feasibility on a smaller scale. However, supplementing BCAAs in vivo would allow
investigation of BCFA biosynthesis within the native rumen ecosystem. Future in vivo
studies should utilize lactating cows to measure milk BCFA content, while also assessing
changes in fermentation parameters such as digestibility, rumen pH, and VFA production.
This would provide a clearer understanding of which BCFAs are most likely to increase

in milk available for human consumption.

4.4. Conclusions

This thesis demonstrated, for the first time in rumen microorganisms, that
supplementation with BCAAs directly alters BCFA synthesis. Isoleucine increased odd-
chain anteiso-BCFAs, while valine increased even-chain iso-BCFAs. These findings
provide novel evidence that the metabolic link between BCAAs and BCFAs observed in

Bacillus cultures also operates in rumen microbes, though with distinct differences in
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chain elongation and metabolic regulation. Minor shifts in microbial community
structures were observed, indicating that changes in BCFA synthesis were not primarily
driven by large-scale alterations in community composition but by microbial metabolism
itself. The use of CCFs enabled precise investigation of microbial lipid responses, though
limitations such as pH variation and incomplete fraction separation highlight the need for
confirmation in vivo. Importantly, this work establishes a foundation for nutritional
strategies aimed at enhancing BCFA content in ruminant-derived products such as milk
and meat. Given the potential human health benefits of specific BCFAs (e.g., iso-15:0,
1s0-16:0, and anteiso-15:0), optimizing dietary approaches to increase their levels in
animal products is a promising avenue. Future studies should test combined BCAA
supplementation at optimal levels, explore interactions with diet composition, and, most
critically, evaluate these strategies in lactating cows to determine the extent of BCFA
transfer into milk. Collectively, this research advances understanding of BCFA
biosynthesis in the rumen, bridges in vitro microbial findings with nutritional
applications, and provides a basis for future in vivo work that could ultimately improve

the nutritional quality of ruminant products for human health.
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Appendix

Table 5.1. Bacterial communities (% of total sequences) in rumen fluid taken from
fermenters supplemented with BCAAs.

Isoleucine (g) Valine (g) P-value

Community 0.65 130 195 2,60 SEM 1.03 2.06 3.09 412 SEM Q°
Firmicutes 789 71.0 795 785 325 676 56.1 667 69.1 254
Lachnospiraceae NK3A420 17.8 147 125 136 131 107 4.04 7.63 834 148
Acetitomaculum 4.08 7.13 7.00 399 128 184 167 128 173 2.89
Syntrophococcus 10,6 113 17.7 22.0 3.65 5.01 573 420 3.77 0.66
Lachnospiraceae unclassified 3.13 223 416 260 055 278 4.18 11.1 416 1.77
Firmicutes unclassified 6.71 485 458 580 0.61 3.19 080 195 294 0.77
Shuttleworthia 1.62 2.19 4.04 293 062 186 2.87 331 276 055
Eubacterium_coprostanoligenes  5.68 4.05 455 363 139 ND ND ND ND
Clostridia_UCG-014 4.01 323 326 422 065 111 147 086 144 038
Pseudoramibacter 1.66 193 367 1.07 0.65 155 124 199 193 0.28
Succiniclasticum sp. B-14 ND ND ND ND 412 225 252 322 049
Anaerolactibacter 409 314 327 394 08 ND ND ND ND
Eubacterium_nodatum 1.13 042 127 034 026 219 0.89 154 270 031 **
Ruminococcus 7.87 0.17 023 0.12 193 ND ND ND ND
Ruminococcus_sp. YE281 635 008 004 003 157 ND ND ND ND
Lachnospira ND ND ND ND 2.83 151 136 1.89 0.25 *K
Ruminococcus _gauvreauii ND ND ND ND 1.15 0.88 1.32 1.89 0.25
Megasphaera ND ND ND ND 0.19 3.19 3.19 186 0.87
Catenisphaera ND ND ND ND 1.75 0.73 0.62 2.05 0.33 *
Actinobacteria 179 259 147 178 326 981 239 180 16.7 299
Pseudoscardovia 248 539 215 124 114 366 271 637 3.06 1.12
Bifidobacterium 1.05 2.18 1.33 298 055 043 623 457 3.09 139
Sharpea 281 126 458 387 1.17 154 047 141 445 0.68 *
Coriobacteriaceae_unclassified 275 1.81 241 213 049 ND ND ND ND
Bacteroidetes 134 136 342 154 057 149 132 11.1 111 1.93
Olsenella 109 160 838 109 1.88 4.07 135 509 7.89 235
Olsenella_sp. Marseille-P8424  3.17 632 185 140 136 1.89 11.7 284 385 234
Olsenella_umbonata 1.67 213 241 278 037 ND ND ND ND
Prevotella_7 ND ND ND ND 114 102 9.06 950 1.74
Proteobacteria 136 126 1.50 142 0.17 565 631 3.69 279 0.66 *
Others (<1%) 050 045 090 0.75 0.13 2.03 041 0.51 036 0.30

3L=linear effect. *Q=quadratic effect. *P<0.05 **P<0.01 ***P<0.001.
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Figure 5.1. Proportion (g/100g) of BCFA’s in bacterial membranes in response to
isoleucine treatment. (A) anteiso-15:0 Linear p=0.03 Quadratic p=0.01 (B) anteiso-17:0
(C) sum of odd-chain anteiso-BCFAs Linear p=0.01 Quadratic p<0.01, includes minor
anteiso-BCFAs comprising 0.5 g/100 g of total FA (anteiso-13:0).
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Figure 5.2. Proportion (g/100g) of BCFA’s in protozoal membranes in response to
isoleucine treatment. (A) anteiso-15:0 Linear p=0.01 Quadratic p=0.01 (B) anteiso-17:0
(C) sum of odd-chain anteiso-BCFAs, including minor anteiso-BCFAs comprising <0.1
g/100g of total FA (anteiso-13:0).
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Figure 5.3. Proportion (g/100g) of BCFA’s in bacterial membranes in response to valine
treatment. (A) iso-14:0 Linear p<0.01 (B) iso-16:0 Linear p<0.01 (C) sum of even-chain
iso-BCFAs Linear p<0.01, includes minor even chain iso-BCFAs comprising <0.1 g/100g
of total FA (iso-12:0, iso-18:0).
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