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ABSTRACT

Over forty years, United States sheep producers have selectively bred range sheep for
larger post-weaning weights using estimated breeding values. However, this has led to increased
feed intake, prompting this study's objective to quantify the relationship between lamb growth
estimated breeding values, feed intake, and feed efficiency. The study involved 40 Targhee and
40 Rambouillet ewe lambs weaned at four months and put on a Growsafe™ feeding system for a
56-day experimental period, with ewes weighed weekly and at the start and end of the trial.
Residual feed intake was calculated using body weights, average daily gain, and daily feed intake
measurements. The ewe lambs' post-weaning weight estimated breeding value was associated to
their phenotypic traits. These procedures were repeated when the same ewes were yearlings and
at maintenance. The study found that while post-weaning weight estimated breeding values
predicted dry matter intake (P<0.05), they lacked association with residual feed intake (P>0.05)
in both experimental periods. However, the ewe's post-weaning weight estimated breeding value
predicted mid-trial body weight in both periods (P<0.05). Thus, while selecting higher post-
weaning weight animals may increase feed usage due to larger body size, it does not affect feed
efficiency. Comparing the residual feed intake between the two experimental periods, growth
residual feed intake measurements did not predict residual feed intake in maintenance. Therefore,
caution should be used when utilizing residual feed intake from the growth period as an indicator
of feed efficiency in maintenance. The study also examined rumen microbial profiles in sheep
between the two experimental periods. Methanogenic archaea were relatively increased within
the growth experimental period, where a pelleted diet was used, and cellulolytic bacteria were
increased in the maintenance experimental period, where hay was provided. Since methanogens
are associated with decreased feed efficiency, diet may play a role in changing a sheep's
microbiome towards more feed efficient bacteria. Finally, a genome-wide association study
found the Dmrt2 gene associated with DMI and RFI in maintenance. The Dmrt2 gene may
regulate muscle and bone development in the early embryo, affecting feed efficiency in sheep
later in life.
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CHAPTER ONE

INTRODUCTION

Estimated breeding values are a standard tool used in genetic selection within the United
States sheep industry. Using these estimated breeding values, producers can directly select the
additive genetics of their flocks, making permanent improvements on economically important
traits (Wei et al., 2020). Selection trends by western U.S. producers have focused on faster-
growing lambs by selecting for larger weaning weights. For example, from 1978 to 2005,
weaning weight increased from 28.6kg to 37.2kg in the Rambouillet sheep breed (Leeds and
Lewis, 2006). Weaning weight has a strong positive genetic correlation with pre-weaning growth
rate and an intermediate positive correlation with post-weaning growth rate in sheep
(Mavrogenis and Constantinou, 1990). Therefore, selection towards larger post-weaning weights
has produced lambs that grow faster and are larger at the same age as intended. Faster-growing
lambs are important to producers as they can be sold earlier by reaching market weight younger.
Producers are therefore selecting increased sheep growth rates to reduce costs associated with

keeping lambs on the farm.

However, a greater understanding of how such selection may impact the sheep's overall
profitability must be understood. As producers increase the weaning weight of their lambs, they
also indirectly increase the size of their mature sheep, given the strong positive genetic
correlation between weaning weight and mature weight (Mavrogenis and Constantinou, 1990).
Larger sheep eat more feed than smaller sheep to meet their increased energy needs (NRC,

2007). Producers may have higher maintenance feed costs through indirect selection for larger
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sheep. Increased feed costs are especially harmful to the profitability of sheep operations, as feed
costs already make up most overall costs. For growing lambs, feedstuff costs and land lease for
grazing makeup 63.17% of the total cost (Raineri et al., 2015). On farms that rely heavily on
concentrate diets for their flocks, concentrate feeds can make up to 64% of operational costs

alone (Benoit et al., 2019).

Furthermore, limited studies have been reported on the relationship between growth and
feed efficiency. Increasing the growth rate of animals increases the energy and protein
requirements needed within a shorter period (NRC, 2007). This shortened period of increased
feed requirements may lead to lower feed utilization and decreased feed efficiency. If feed
efficiency is reduced through increasing growth rates, sheep producers could face increased feed
costs for their ewes kept on farm and the market lambs. If nutritional requirements increase, it
will require increased usage of natural resources, which could be crippling to sheep producers in
rangeland areas where resources are already limited. Moreover, with increased nutritional
requirements, adult sheep on range operations may not receive enough nutrients to meet their
requirements, leading to lower reproductive success and increased risk of metabolic deficiency.
Therefore, it has become increasingly important to research the relationship between feed
efficiency and growth-estimated breeding values and build EBVs that allow sheep producers to

select directly on feed efficiency.

Selection criteria for feed efficiency have yet to be created primarily due to the expensive
nature of collecting feed efficiency data. However, researching associations between feed intake,
average daily gain, body weight, and feed efficiency may allow sheep producers to indirectly

select feed efficiency by selecting for or against more easily measured traits. In addition,
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producers may also use genetic and microbial associations to select directly toward feed
efficiency. Understanding genetic and microbial associations is also vital for creating genomic
selection methods for feed efficiency in the future, as they can increase the overall accuracy of

the genomic tools (Zhang et al., 2014; Ross et al., 2020a).

This research aims to characterize feed intake, feed efficiency, and microbial
communities during both growth and maintenance production periods, quantify the relationship
between lamb growth estimated breeding values, feed intake, and feed efficiency, and build a
foundation for genetic and genomic evaluation of feed efficiency specifically within Targhee and

Rambouillet breeds of sheep.
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CHAPTER TWO

LITERATURE REVIEW

Introduction

Range sheep production is an important sector of the United States sheep industry. The
United States sheep industry has a market size of $623,200,000, and 67% of lamb and wool is
produced in rangeland states (USDA, 2021). Range sheep operations produce both lamb and
wool. Therefore, the practices of and quality of lambs grown from range operations impact the
productivity of the sheep industry. Thus, improving range sheep operations' profitability is
crucial to helping the United States sheep industry become more competitive in the world
market.

Feed costs are among the highest expenses producers face, making up 70% of total costs
(Algaisi et al., 2017). Improving feed efficiency has been one of the top priorities of many
animal industries to reduce feed costs. However, despite the economic importance, minimal
research has investigated improving feed efficiency in the sheep industry. Residual feed intake
(RF1) has been used to represent feed efficiency and is commonly used in other industries to
improve feed efficiency, such as in beef cattle (Lamb, 2009). Residual feed intake effectively
identifies sheep that consume less feed without affecting performance (Redden et al., 2011).
However, RFI is not widely used in the sheep industry because it is expensive to measure.

Instead of selection for feed efficiency, current selection within the sheep industry has
selected faster-growing sheep that meet market weights faster. The National Sheep Improvement

Program has developed estimated breeding values (EBVs) for weight traits that allow enrolled
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flocks to select for higher weaning weight EBVs (Notter, 1998). However, the relationship
between weight EBVs and feed efficiency has not been investigated. If the relationship between
the two measurements is negative, sheep producers could harm their profitability by indirectly
selecting less feed-efficient sheep. In addition, decreased feed efficiency in range sheep flocks
would be economically destructive. Such operations often face limited feed resources, which
may cause lower reproductive success and increased metabolic deficiencies (Hoffman et al.,
2017). Therefore, quantifying the relationship between lamb weight EBVs, feed intake, and feed
efficiency is crucial for improving the sheep industry's profitability.

Selection using EBVs is a way sheep producers improve flock performance. Building a
framework in which EBVs for feed efficiency can be developed is needed to make it easier for
producers to select more feed-efficient animals. Furthermore, incorporating such EBVs into
selection indexes will give producers a more accurate selection tool to improve the profitability
of their operations. Studies indicate that feed efficiency ranges from low to moderately heritable
with reported narrow sense heritabilities of 0.11 (Cammack et al., 2005), 0.26 (Snowder and Van
Vleck, 2003), 0.46 (Johnson P. L., 2018), and 0.45 (Tortereau et al., 2020). If feed efficiency has
a low heritability, it will be more difficult and slower to improve without genetic and genomic
tools. Residual feed intake is associated with other traits that are moderately heritable, such as
daily feed intake and event feed time, h?=0.25 and h?=0.33, respectively (Cammack et al., 2005).
Therefore, selection using an index with a feed efficiency EBV and knowing its genetic
associations with other important traits would further improve selection accuracy.

Genetic, genomic, and microbiome evaluations are helpful beyond the phenotypic data

needed to create a feed-efficiency EBV in sheep. Single Nucleotide Polymorphism (SNP) data
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can improve the accuracy of EBVs, allowing faster improvement of the trait, especially when
using an accurate training data set (Brown et al., 2018). Therefore, identifying associations
between feed efficiency and genetic markers in a range sheep training data set is essential to
building a direct selection method for feed efficiency in range sheep. Rumen microbial profiling
allows for quantifying microbial species that play critical roles in digesting foodstuff in
ruminants. Microbial profile and SNP data have become increasingly relevant for the genomic
evaluation of phenotypic traits as they can increase the accuracy of selection and thereby

increase the genetic gain (Ross et al., 2020b).

Quantitative Genetics and EBVs

Most economically important traits in livestock have large numbers of loci that impact
the phenotype. Differences in allele pairing and interactions between various loci can impact and
differentiate phenotypes. Therefore, genomic selection for most economically important traits
should be on a genome-wide level rather than single marker selection. The genome-wide
selection allows more of the genetic variance to be quantified and, therefore, increases selection
accuracy.

Genomic selection strategies are used to select multiple specific alleles of the entire
genome for a particular trait. Selection strategies may include tandem, independent culling
levels, and index selection. Genomic selection strategies make use of best linear unbiased
predictions to genetically evaluate livestock. Most genetic selection strategies are based on the
following genetic model:

P=u+G+E
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where P is the phenotypic observation, u is the mean phenotype for the given trait, G is the
genetic effect of the trait, and E is the environmental effect of the trait. The genetic effect of the
trait can further be broken down into two parts; the additive genetic value and the gene
combination value. The additive genetic effect is often referred to as the breeding value of an
animal, as it is the genetic portion of phenotypic variation that is inherited. Whereas the gene
combination effect results from dominance and epistatic interactions of genes and likely will not
be inherited.

A common way to encompass a large portion of the additive genetic variance of a trait is
to use estimated breeding values. Estimated breeding values are the estimation of the genetic
merit of an animal. The best linear unbiased prediction (BLUP) method of calculating EBVs is
through a sire evaluation method for a single trait. This estimate is modeled:

Y=XB+Zp+e
where Y is the vector of the number of records, B is the vector number of levels for fixed effects
times one vector, p is the number of levels for random effects, e is the vector of random residual
effects of the number of records, X is the design matrix of order number of records times number
of levels for fixed effects, and Z is design matrix of order number of records times number of
levels for random effects, (Henderson, 1973; Mrode, 2014). X and Z matrixes relate records to
fixed and random effects, respectively.

Using the sire BLUP model, EBVs are calculated using matrix notation. The first matrix
created is the design matrix X which depicts the sex of the animal. The X matrix’s transpose
should be set up as:

0 0

X’:l(l) 11
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where 1s in the first row indicate the animal is male and 1s in the second row indicate female
animals (Mrode, 2014). The second design matrix Z indicates how many records each animal
has. Z’s transpose should be set up as:
1 0 O
Z22=10 0 O
0 1 1

where animals with one record would have a one on the bottom row, and as the number of
records increases, the one is placed higher on the corresponding row (Mrode, 2014). The third
matrix that should be formed is matrix y which is the vector of phenotypic observations. Next, a

least square equation matrix can be performed as

Lse=l X = )

(Mrode, 2014). Furthermore, relationship matrix A needs to be created including attribute
relatedness of the animals. The matrix A” = (T~*)'D~!T~1. T1isequal to i — M, where i is the
identity matrix, and M is a matrix containing the contribution of the gametes (Mrode, 2014).
Both the M and i matrixes are set up with animal ids lining the x and y-axis. On the M matrix, a
0.5 is placed anywhere a known parent and offspring intersect on the matrix grid indicating the
50% of genes that the parent gave to its offspring. Matrix i has a one diagonally down the matrix
where each animal id intersects itself on the x and y plane, indicating that the animal is 100%
related to itself. D is the variance and covariance matrix for Mendelian sampling and can be
calculated by the equation

d=(1-(25%(Fs+ Fd)))s?u
where Fs and Fd is the inbreeding coefficient of the sire and dam respectively, and o2u is the

additive variance of the trait. d is the value for each animal respectively in the diagonal matrix D
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(Mrode, 2014). Ao can then be calculated by multiplying every element of A’ by 2. Adding A”
Yo to Z°Z in the LSE yields the Mixed Model Equation (MME) (Mrode, 2014). The MME can
then be solved through the inversion of the coefficient matrix, which calculates the EBV values
for each animal.

EBV:s can often include genetic marker data to create genomic enhanced estimated
breeding values (GEBVS). Genomic-enhanced estimated breeding values incorporate high-
density SNP panels and genomic information to create a more accurate selection tool (Rolf et al.,
2010).

Of the selection methods, selection indexes are the most efficient way to select for or
against multiple traits. Selection indexes combine the available information about an animal and
its relatives' phenotypes, the economic importance of each trait, and genetic correlations between
traits to best predict the animal’s overall value. The fundamental estimation for selection indexes
is:

I = by X, + b,X, + b, X,
where 1 is the index value for the animal, x is a single item for phenotypic information — the
average performance record of the group, b is the weight given to each trait based upon
economic and genetic correlation data, and n is the total number of items of phenotypic

information.

Genome-Wide Association Studies

A genome-wide association study (GWAS) is a standard tool for identifying genomic
associations with economically important traits. Genome-wide association studies often use SNP

chips to identify associations with specific locations across the genome. The Ovine 50k SNP
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chip is a common SNP chip used in genotyping sheep. In the GWAS, SNPs act as markers for
genetic areas of the genome. Areas closer in linkage disequilibrium to associated SNPs are likely
candidate regions for trait-associated genes.

Genome-Wide Association Studies perform genetic to phenotypic associations using
either a linear regression or mixed model. The basic linear model for a GWAS is

Y~Wa+ XsBs+g+e
where Y is the vector of phenotype values, W is the matrix of covariates, a is the corresponding
vector of effect size, Xs is a vector of genotype values for all individuals at SNPs, Bs is the
corresponding fixed effect size of genetic variants, g is a random effect that captures the
polygenic effect of other SNPs and e is a random effect of residual errors (Uffelmann et al.,
2021). The g in the model can be estimated through the following model:
g~N(0,Va = U)
where Va is the additive genetic variation of the phenotype and U is the standard genetic
relationship matrix (Uffelmann et al., 2021). Similarly, in the linear GWAS model, e can be
estimated through the following model:
e~N(0,Ve x1)

Ve is the residual variance, and | is the identity matrix (Uffelmann et al., 2021). Mixed model
GWAS takes the linear model and can include fixed effects to correct for covariates and kinship
matrixes to control for random effects. We can then estimate how much variation of the trait can

be attributed to each SNP marker through this modeling.
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Microbial Profiling

16s rRNA gene sequencing is a standard tool used for microbial profiling. The 16s rRNA
gene coding region codes for the RNA portion of the prokaryotic ribosome 30S subunit and is
present in all prokaryotic genomes. The genomic 16s rRNA gene is highly conserved with nine
interspersed variable regions wherein small nucleotide differences have accumulated at a slow
but consistent rate over time sufficient to distinguish microbial taxa. Most commonly variable
region four is used in amplificated as it closely mirrors the variability in the 16s rRNA. Variable
region three is also commonly amplified to help further distinguish between different microbial
species. These region sequences can then be used to identify operational taxonomic unit (OTU)
prevalence in samples by the standard of 97% uniqueness of DNA amplicons. Operational
taxonomic units are useful approximations of species and therefore can be used to make
approximations of the species abundances in a sample.

Many different methods have been deployed to determine the 16s rRNA region of
microbial species. Such methods include sequencing amplified ribosomal DNA restriction
analysis, automated ribosomal intergenic spacer analysis, terminal restriction fragment length
polymorphism, Denaturing Gradient Gel Electrophoresis, and Temperature Gradient Gel
Electrophoresis, single-strand conformation polymorphism, and denaturing high-performance
liquid chromatography (Nocker et al., 2007). Current methodology, however, has been to use
massively parallel sequencing aka next generation sequencing (NGS) (Moorthie et al., 2011).

All methods, however, start with isolating the DNA molecule, and most use polymerase
chain reaction amplification (PCR) to amplify the 16s rRNA DNA sequence of the sample. In

older gel electrophoresis methods restriction enzymes have been utilized to cut the 16s rRNA
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DNA of the microbiomes at the correct place to only get one segment of variable region that
codes for a functional gene (Nocker et al., 2007). Gel electrophoresis has been used in these
methods to separate DNA fragments by length. As DNA goes through the gel electrophoresis
longer fragments will move more slowly than shorter DNA fragments. Using a reference
kilobase ladder difference sized DNA fragments can be separated. Different sizes of DNA for
different regions of the 16s rRNA DNA have given insight to what species may be in that
sample.

Next Generation sequencing can be done through two main methods reversible
termination and pyrosequencing (Moorthie et al., 2011). Reversable termination is performed by
first hybridization of DNA fragments to probes. Clonal amplification occurs to those probed
DNA through surface PCR to create dense clusters of identical DNAs across. A universal
sequencing primer is added onto DNA. Then DNA polymerase can add a complementary
nucleotide terminator, each labelled with a different fluorescent dye (Moorthie et al., 2011). The
fluorescent dye gives a temporal series of color images which can be converted into sequence
reads. The terminating groups are chemically cleaved to prepare the templates for the next round
of incorporation and imaging. Pyrosequencing occurs by first hybridizing DNA fragments into
special beads. These template beads are individually put into a microscopic well and smaller
beads are added that contain the necessary components for the sequencing reaction. Nucleotides
are added in turn A, then C, then g and then T. If nucleotides are added onto a template bead a
phosphate ion is released resulting in a flash of light (Moorthie et al., 2011). The light can be

detected by a camera and the incorporating nucleotide sequence can be inferred.
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Using the sequence information, scientists can cluster microbes by sequence similarity, typically
97%, across the length of the sequenced 16s rRNA variable region into OTUs (Chiarello et al.,
2022) or into unique amplicon sequence variants (ASVs). Both OTUs and ASVs can be

compared to sequences of known microbial taxa to help identify their taxonomic placement.

Microbial Diversity

Once OTUs or ASVs are defined within a sample the microbial community can then be
compared to other samples’ communities using diversity measurements. Two common diversity
measures used to analyze microbial communities are alpha and beta diversity. Alpha diversity is
the mean species diversity within a site at a local scale, whereas beta diversity is the ratio
between regional and local species diversity. Diversity is based upon two principles: species
richness and species evenness. Richness is the number of unique entities (species, OTUs, or
ASVs) present, while evenness is a measure of how evenly (or skewed) each entity is within the
sample.

Simpson and Shannon's indexes are two common alpha-diversity indexes that estimate
alpha diversity within a sample. The Shannon index is calculated through the equation:

H=-;_pilnpi
(Morris et al., 2014), whereas Simpson’s dominance index can be calculated through the

equation:

_ 1
Y3, pi?

where pi is the proportion of individuals of one species divided by the total number of

individuals (Morris et al., 2014). The Shannon index is more responsive as it assumes all species
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are represented and are randomly sampled. This gives high sensitivity to rarer species found
(Morris et al., 2014). The Simpson index, conversely, is a dominance index in that it gives less
sensitivity to rare species compared to those more common (Morris et al., 2014).
Whittaker’s basic diversity is the most basic beta diversity measurement and is equal to the total
number of species divided by the average species richness. Beta diversity measurements for each
sample allow for the utilization of Principal Coordinate Analysis (PCoA) to characterize
different enterotypes of host microbiomes. Comparing enterotype results between hosts of
different phenotypes can allow for the association of unique microbiome structures to said

phenotypes.

Microbiome Community Development

Different microbial communities may be associated with more beneficial microbial
community compositions that enhance economically important phenotypes, determining how
microbial communities change is important in selecting for said traits. Few studies have
examined how microbial community compositions change in response to host and environmental
changes within sheep.

Zhang et al., 2022, found differences in microbial species abundances in fecal samples
between seasons. Lachnospiraceae genera were found to be abundant in sheep in harsher
conditions during the summer and winter (Zhang et al., 2022). Lachnospiraceae acts to improve
the digestion of polysaccharides and produce more energy which may be beneficial in using
energy more efficiently in cold months (Zhang et al., 2022). Thereby adaptive changes in

microbe abundance can occur in response to cold stress and weather within sheep.
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Wang et al., 2019, investigated the differences in the microbiome in 27 Tibetan lambs at
various time points from 0 to 360 days of life. They found that differences in the ratio of
bacteroidetes to proteobacteria increased as the lambs aged (Wang et al., 2019). This indicates
that age is also a contributing factor in shaping microbiomes. Yin et al., 2021, further indicate
that specific genera were age discriminatory. Bacteria that increased with age included
Veillonellaceae UCG-001, Prevotella 1, Anaeroplasma, Anaerovibrio, Ruminococcaceae
NK4A214 group, Ruminococcus 2, Quinella, Acetitomaculum, Lachnospiraceae ND3007 group,
Ruminococcaceae UCG-014, Pseudoramibacter, and Desulfobulbus (Yin et al., 2021). However,
while these specific genera did increase no clear age-related changes occurred at the phyla level
after 20 days, and total microbiome structure stabilized after 60 days of age (Yin et al., 2021).
Moreover, a sheep’s microbial community’s maturation speeds up as solid feed is introduced

(Yinetal., 2021).

Residual Feed Intake and Feed Efficiency

Five physiological processes are crucial in determining feed efficiency in livestock: feed
intake, digestion, metabolism, physical activity, and thermoregulation (Herd and Arthur, 2009).
Of these, 73% of all variation can be attributed to heat production from metabolic processes,
body composition, and physical activity (Herd and Arthur, 2009). Animals differ in their
expression of these physiological processes, leading to differences in feed efficiency. Genetic
variation in feed efficiency has been linked to differences in feeding behavior, digestion,
methane emission, rumen microbiome, protein turnover, lipid metabolism, and immunity

(Cantalapiedra-Hijar et al., 2018).
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Feed efficiency is measured in many ways in livestock. The predominant way to measure
feed efficiency is by using residual feed intake (RFI). Another less common measurement is the
feed conversion ratio. The feed conversion ratio takes an amount of feed and divides it by the
amount of weight the animal gained during a specific period. However, the feed conversion ratio
is a less-than-ideal feed efficiency measurement. The feed conversion ratio does not consider that
animals with similar body sizes differ in their intakes, and feed intake varies by the animal’s size
and growth. The Kleiber ratio is another feed efficiency measurement that measures growth
efficiency independent of body size, similar to the RFI measurement (Rezende et al., 2022).
However, the Kleiber ratio differs from RFI as it is purely the ratio of ADG to metabolic BW
and does not incorporate feed intake data into its calculation (Rezende et al., 2022). To adjust for
differences in variation in size and growth between animals, Koch et al. proposed RFI as an
alternative to the feed conversion ratio (Koch et al., 1963). Residual feed intake estimates the
difference between actual feed intake and expected intake for a given weight. Koch modeled RFI
based on the model:

E=X+Ms+As +e

where E is the estimated feed intake, X is the regression intercept, Ms is the metabolic midweight
regression coefficient times metabolic midweight, As is the average daily gain regression
coefficient times average daily gain, and e is the residual error. The modeling considers
differences in body weight and rate of gain that the feed conversion ratio does not account for.
Furthermore, using a linear index in RFI modeling gives a more accurate selection response by
accounting for additional biological variances (Arthur et al., 2001). While RFI is one of the best

measurements for feed efficiency, it has several limitations. First, as discussed, there is limited
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information on the predictiveness of RFI between animal life stages. Secondly, RFI may not be
applicable in maintenance periods where body weight change is limited. Finally, it is unknown
how pre-test environments affect RFI rankings.

Residual feed intake positively correlates with dry matter intake in sheep during many
life stages, including post-weaning, hogget, and adult (Muir et al., 2020). It also correlates with
actual feed intake in lambs (Cammack et al., 2005). Residual feed intake seems not to be
correlated with average daily gain in growing lambs, suggesting that selection towards lower RFI
sheep should not impact weight gain (Zhang et al., 2017). Despite these positive correlations,
residual feed intake has been considered a non-repeatable measurement of feed efficiency
between life stages within sheep (Redden et al., 2011). Interestingly, in steers RFI was
determined to be repeatable between a grass silage plus concentrate diet and a grazed grass or
high concentrate diet between a finishing and growing period, but not between grazed grass diet
and the high concentrate diet (Lahart et al., 2020). Therefore, there is a need to characterize RFI
over different physiological stages further to quantify the utility of RFI for selecting more feed-
efficient sheep.

The only negative correlation found in the literature was described by Redden et al. 2010,
who suggested that high-feed efficient ewes may produce less offspring than lowly efficient
ewes, indicating an inverse relationship between RFI and reproduction expected progeny
differences (EPDs). Reproductive efficiency is crucial to sheep producers, so further study into

the biological impact of being more feed efficient on reproductive traits is needed.
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Feed Efficiency Genomic and Genetic Associations

Cockrum et al., 2012 were one of the first studies to look at the associations of feed
efficiency in sheep through a genome-wide association study. The study found that ovine
chromosomes 1, 2, 3, and 18 had the greatest number of significantly associated markers with the
feed efficiency (Cockrum et al., 2012).

Pasandideh et al., 2018, describe an analysis of feed efficiency using the Kleiber ratio as
a standard of feed efficiency within sheep using an OAR50K SNP chip. Pasandideh calculated
the Kleiber ratio for multiple age groups, including between ages 0-3 months, 3-6 months, 6-9
months, and 9-12 months, as well as between each age group. Genes associated with a lower
Kleiber ratio from ages 0-6 months were PSAP, SCGN, and HDGF (Pasandideh et al., 2018). All
the associated genes deal with nutrient usage or growth. For example, SCGN is associated with
pathways that make secretagogin, a protein that deals with calcium flux and stimulation of the
cell proliferation (Pasandideh et al., 2018).

Zhang et al., 2019, characterized gene expression using feed conversion ratio and RNA
sequencing to find associations with feed efficiency using six liver transcriptomes of 180-day-old
lamb rams. As the previous study discussed, genes associated with metabolic pathways were
influential in whether a sheep is feed efficient. Specifically, up and down-regulation of
ADRAZ2A and RYR2 were associated with the feed efficiency (Zhang et al., 2019). In addition,
both ADRA2A and RYR2 are suspected to regulate energy through the adrenaline pathways
(Zhang et al., 2019). Therefore, differences in the adrenal pathway could lead to energy

utilization differences and thus could change the animal's feed efficiency.
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Zhang et al., 2021, describe the genetic association with feed efficiency using RFI to
measure, screening two specific genes, ME1 and CA1, that are key players in metabolic
pathways. Zhang et al. specifically utilized reverse transcriptase poly chain reactions (QRT-PCR)
to indicate differences in the expression of feed efficiency. Real-Time Quantitative Reverse
Transcription PCR indicates levels of expression of specific target genes through the
fluorescence (Kralik and Ricchi, 2017). Through computation, the transcriptome amount is
identified through differences in the fluorescence intensity (Kralik and Ricchi, 2017). As
transcriptome levels increase or decrease, levels of fluorescence differ increase or decrease,
respectively. The differing fluorescence signals allow the user to identify the upregulation and
downregulation of transcriptions through computational detection of higher and lower output
fluorescence (Kralik and Ricchi, 2017). The ME1 gene codes for the cytosolic NADP+, which
interacts with malate to make pyruvate in NADPH production (Chang et al., 2011).
The CAL gene codes for carbonic anhydrase one, which helps improve gastrointestinal health,
digestion, and utilization of nutrients (Awad et al., 2017). They found that ME1 and CA1 genes
had higher expression in low RFI sheep (Zhang et al., 2021a). The difference in expression
between different feed efficiency sheep indicates that feed efficiency is partly due to more
actively expressed metabolic pathways. Furthermore, synonymous mutations affecting gene
function at MEI g.453 when cytosine is replaced with thymine were associated with a lower RFI
and increased feed efficiency (Zhang et al., 2021a). Similarly, lower feed conversion ratios were
associated with synonymous mutations at CA1 g.199 where cytosine is replaced with thymine

(Zhang et al., 2021a).
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Giraldez et al., 2021, described the underlying feed efficiency mechanisms in fattening
lambs. The study looked at liver and ileal tissue gene expression and discovered that less feed
efficient lambs had a lower expression of CYP2C19, FADS1, and GSTAL (Giréldez et al., 2021).
The CYP2C19 gene is involved in the metabolism of cholesterol and steroid hormone, indicating
that low levels of CYP2C19 expression negatively affect the ability of less feed-efficient lambs
to effectively metabolize important lipid molecules in some circumstances (Giraldez et al.,
2021). Furthermore, Cyp2c19 is involved in xenobiotic metabolism and protein processing and
transport. The enzyme promotion of xenobiotic metabolism is crucial to arachidonic acid
metabolism to form other epoxyeicosatrienoic acids (Giraldez et al., 2021). Therefore, reduced
expression and subsequent lowered production of Cyp2c19 may lead to increased arachidonic
acid build-up, causing a hepatic pro-inflammatory reaction in low-feed efficiency lambs. This
causes energy to be redirected towards inflammatory responses, which is theorized to cause a
reduction in the efficiency (Giraldez et al., 2021).

Jackson et al., 1997, took 311 lambs and classified them into two groups: lambs
expressing the callipyge gene and lambs not expressing the callipyge gene. They found that
animals expressing the callipyge gene were more feed efficient (Jackson et al., 1997). The study
further implies that expressed genes that result in abnormally higher meat yields can produce
more feed-efficient animals by increasing the total meat yield. While the callipyge gene is
excessively able to add muscle to animal carcasses, similar functioning genes with more

negligible effects may also play similar roles in increasing feed efficiency in sheep.
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Only a few studies have discussed the genetic association of feed efficiency in sheep;
however, associations from cattle can be used to pinpoint types of genes that may impact feed
efficiency in sheep.

No work has been reported on gene associations with feed efficiency that impact
oxidative stress in sheep; however, it has been studied in cattle. The Fibulin 5 protein which acts
to protect endothelial dysfunction, was critical in increasing feed efficiency in steers (De Lima et
al., 2020). Similarly, the SERPINF1 was also associated with feed efficiency in steers (De Lima
et al., 2020). Serpin family F member 1 encodes for the PDF protein, inhibiting endothelial cells
and suppressing NAPDH oxidase-mediated ROS production in cells (De Lima et al., 2020). The
serpin peptidase inhibitor, clade F, member 1 gene acts as a potent anti-inflammatory,
antioxidant, anti-angiogenic, and anti-thrombotic. The association of SERPINF1 to feed
efficiency indicates that genes with antioxidant effects help improve feed efficiency by
producing animals that may more easily handle more oxidative stress. These animals demand
less energy expenditure towards coping with said stress and therefore are more feed efficient

than those who cannot (De Lima et al., 2020).

Feed Efficiency Microbial Association

Differing proportions and amounts of microbial species in the cattle rumen are correlated
with differences in the cow's overall feed efficiency (Myer et al., 2015). However, there is
minimal published work investigating rumen microbial profiles and feed efficiency in sheep.
Perea et al., 2017, looked at what intestinal changes in lamb microbiota were associated with
differing feed efficiency phenotypes. Alpha diversity between sheep of different feed efficiency

phenotypes did not differ; 13 OTUs had a greater relative abundance in either the inefficient or
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efficient sheep (Perea et al., 2017). Of these 13 OTUs, six differed in their relative abundance in
rumen samples collected between differing efficiency sheep. Efficient sheep tended to have
higher numbers of three OTUs, including one from the Ruminococcaceae family, and two OTUs
that each most closely resembled Saccharofermentans acetigens, whereas inefficient sheep had
greater abundances of three OTUs from the Lachnospiraceae family, the succinivibrio genus and
an unclassified order, UCT N177 (Perea et al., 2017). Ruminococcaceae is a bacterial family to
have known fibrolytic members, including cellulolytic species R. albus and R. flavefaciens
(Perea et al., 2017). The Ruminococcaceae family may lead to higher energy release and thus a
higher growth rate with the same amount of food.

Ellison et al. 2017, describes the interaction between feed efficiency and diet on
microbial species abundance. Important species found in high RFI lambs included the
Ruminococcus brommi species and 16 further species in the Prevotella family (Ellison et al.,
2017). Methanobrevibacter smithii was found to be more associated with low RFI sheep (Ellison
et al., 2017). The association between methanobrevibacter smithii and higher feed efficiency was
a novel finding as methanogens typically are associated with microbiomes of low feed efficient
animals. In lower feed efficient animals, bacteria species Sharpea azabuensis, Ruminococcus
flavefaciens, and Dialister invisus were all in higher abundance. In contrast, Mannheim
haemolytica was of greater abundance in higher feed-efficient animals (Ellison et al., 2017).
They found that OTUs with greater abundance in higher feed-efficient animals on one diet may
not be associated with higher feed efficiency in another diet (Ellison et al., 2017). The central

bacterial family they found that had this interaction was Prevotella.



24

Zhang et al., 2021, further characterized the rumen microbiota associated with residual
feed intake. They indicate that a healthier rumen microbiota is characterized by the dominance of
anaerobic bacteria such as Bacteroidetes and firmicutes (Zhang et al., 2021b). The ratio of
firmicutes: to bacteroides may impact the ability of the lamb to absorb more energy. They further
found that Prevotellaceae positively correlated with RFI (Zhang et al., 2021b). Prevotellaceae is
known to break down proteins and carbohydrates in feed to absorb nutrients (Zhang et al.,
2021b). Selenomadales were positively associated with RFI, possibly due to their theorized
function of determining gram-negative cell wall type (Zhang et al., 2021b).

McLoughlin et al., 2020, discuss the divergent rumen microbial composition of sheep in
feed efficiency over the solid and liquid ruminal fractions. Overall, they found no difference in
diversity measurements between the solid or liquid fractions of the rumen (McLoughlin et al.,
2020). The lack of differences between fractions indicates that separating fractions in the rumen
may not be necessary. They found that while methanogen abundance did not differ between high
and low feed-efficient sheep, methanogen species ASV differed based on high or low feed
efficiency (McLoughlin et al., 2020). Methanobrevibacter olleyae and Methanobrevibacter
millerae was increased in the low feed efficiency cohort, whereas the Methanobrevibacter
wolinii was increased in the high feed efficiency cohort (McLoughlin et al., 2020). The
differences in methane production between ASVs of Methanobrevibacter may result in a more
significant loss of dietary energy for the host through differences in methane production, thus
decreasing feed efficiency (McLoughlin et al., 2020). The Prevotella, Fibrobacter,
Ruminococcus, Coprococcus, Pseudoramibacter, and Pyramidobacter bacterial families were

positively associated with FCR and negatively associated with ADG (McLoughlin et al., 2020).
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Fibrobacter and Ruminococcus are fiber-digesting bacteria that break down fiber for cellulose
which they depend on (McLoughlin et al., 2020). Both may become redundant in high
concentrate diets as less cellulose degradation is needed.

Patil et al., 2018 describe how poor feed efficiency may be linked to microbial
community structural abnormalities. Low-RFI animals contain a microbiome that contains
reactions significantly closer to that of the host's body than the microbiome of high-RFI animals
(Patil et al., 2018). The close relation of host body metabolism and microbiome metabolism
could indicate that more efficient animals have microbial community metabolic networks that
could interface more easily with the metabolic pathways of the hosts. Furthermore, the efficient
animals showed more Shannon entropy than the less efficient animals, indicating a higher
diversity of microbial species (Patil et al., 2018).

To better understand how differing rumen microbiomes impact sheep feed efficiency,
there must be further quantification and comparison of rumen microbiomes between sheep of

differing efficiencies.

Rationale for Research

While there are studies on the genomic and microbial associations of feed efficiency in
sheep, the literature is incomplete. Genomic analysis of economically important traits has been
extensively performed in other livestock species, including cattle, pigs, and chickens. In sheep,
the literature is sparse on genomic associations of economically important traits and is even more
sparse in the case of microbial associations. Incorporating SNP chips having equal to or greater
than 50,000 SNPs has only been minimally used to find associations with feed efficiency. SNP

genotyping is crucial in narrowing the amount of candidate genomic regions and genes
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associated with feed efficiency. As candidate regions and genes are further described, they can
be incorporated further into marker-assisted selection. Genomic-enhanced EBVs can be created
using the associated genetic data, creating a more accurate breeding value for the traits producers
select. Therefore, work is needed using 50k and greater ovine SNP chips and incorporating feed
efficiency phenotype data in sheep to help identify more associated genomic regions and
improve selection accuracy.

Microbial profiling and analysis for feed efficiency is a relatively new technology in all
livestock species. However, it has become increasingly important information in researching
feed efficiency mechanisms and their viability to be incorporated into selection criteria. Limited
studies have investigated the relationship between feed efficiency, microbial profiles, and
diversity within sheep. Therefore, there are significant gaps in our understanding of what
microbial populations inhabit the rumens of more feed-efficient animals. Similarly, disputes over
some specific bacteria and their relative associations with high and low feed efficiency exist, and
further study into the microbiome of sheep will resolve these disputes.

Only one study looked at the feed efficiency of a group of sheep between two life stages
(Redden et al., 2011). If feed efficiency changes over time and between production cycles, then
feed efficiency associations, both microbial and genomic, may differ depending on the time the
phenotypic data is collected. This may lead to inaccurate measurements of feed efficiency being
used for selection. This could eventually cause producers to select for feed efficiency in less
economically advantageous life stages and would decrease selection accuracy. Therefore, further
longitudinal studies over multiple life stages are essential to describe how feed efficiency is

regulated and changes throughout the production cycle.
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Genomic selection is often based on phenotypic data standardized to an animal’s cohort.
This can improve selection accuracy, and thus genetic progress as phenotypic standardization
can limit the differences in environmental attributes. Due to the economic importance of range
sheep to the entire United States sheep industry, selection for economic traits in these sheep
should be based upon a cohort of sheep of a range production system to improve accuracy.
However, research in both genomic and microbiome associations of feed efficiency has not been
limited to a certain type of production system. Limiting the type of production system to range
operations would allow for an accurate description of the range type sheep within those range
operations. Therefore, there is a need to investigate further genetic and microbial components of
range sheep feed efficiency.

Lastly, there has been no attempt in the literature to determine the associations between
sheep growth EBVs and feed efficiency. As discussed, the current selection criteria producers
use is selection for larger post-weaning weights using post-weaning weight EBV. Further
research into how EBVs relate to feeding efficiency would inform producers about the economic

gains and costs of selecting fast-growing lambs.
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CHAPTER THREE

METHODS

All procedures and protocols utilizing these animals were approved by Montana State

University Animal Care and Use Committee (Protocol #2020-AA13).

Study Population

Purebred and NSIP-enrolled Targhee (n=40) and Rambouillet (n=41) ewe lambs born in
2021 were enrolled from the Montana Agricultural Experiment Station flock. All procedures
were performed at Montana State University’s Fort Ellis research farm in Bozeman, Montana.
Lambs were selected to exhibit variation in each breed’s post-weaning weight (PWWT) EBVs in
our study population. Tissue sample units were taken from the ear of selected ewe lambs at birth
and sent to (Neogen Geneseek, Lincoln, NE) for genotyping on the Ovine 50k SNP chip once
enrolled in the study.

Two experimental periods were conducted to determine daily feed intake and average
weight gain of the ewe lambs at different physiological stages. Each experimental period used
the GrowSafe™ feed-bunk system. The GrowSafe™ system weighs feed in the bunk and records
the RFID tags of the lambs that enter the head gate. It then takes the weight of feed that leaves
the feed bunk in that bout of eating and assigns it to the ewe. Elevated platforms were
constructed to allow sheep access to GrowSafe™ beef cattle head feed gates. Feed bars were
placed in the feed trough gate to limit the entrance so that only one animal could access the feed
bunk at any given time. Platforms were also placed into the grow safe bunks to create an

artificial elevated bunk floor so that the ewes could reach feed.
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Experimental Period 1

On August 30" 2021, a 56-day feeding experimental period began consisting of a 14-day
adaption and a 42-day data collection period. Forty-two days is a standard benchmark for
measuring feed efficiency in sheep (Cammack et al., 2005). Ewe lambs (121 + 5 days old) were
separated into four pens stratified by breed and initial body weight. Each pen contained two
GrowSafe™ feed bunks. Ewe lambs were given ad libitum access to an alfalfa-based pellet and
water (Table 1). During the adaptation period, six ewe lambs were removed from the study due
to poor adaptation of the GrowSafe™ system, leaving 74 ewes left in study. Poor adaption was
indicated by loss of body weight or failure to eat from the GrowSafe™ feed bunks for more than
two consecutive days. Ewe lambs were weighed at the beginning and end of the experimental
period, as well as weekly throughout the experimental period. Feed samples were taken to a
commercial laboratory (Dairy One, Ithaca, NY) for nutrient analysis. Rumen samples were
additionally taken five days before the end of the experimental period via an esophageal tube,

placed into plastic containers, and frozen at —20° C until DNA extraction.

Experimental Period 2

On April 15" 2022, a second feeding experimental period began with 70 ewes from the
same set of animals from experimental period one, consisting of a 10-day adaption period and a
42-day data collection period. A 10-day adaption period was determined to be enough time as the
ewes have already experienced the GrowSafe™ system. Four ewes were removed from study
between experimental periods due to illness and inability to retrieve them on range. Yearling

ewes (355 £ 5 days old) were separated into two pens stratified by breed and initial body weight.
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Each pen contained four GrowSafe™ feed bunks. Ewes were given ad libitum access to an
alfalfa hay-based maintenance diet and water (Table 1). Yearling ewes were weighed at the
beginning, end, and weekly throughout the experimental period. Feed samples were taken to a
commercial laboratory (Dairy One, Ithaca, NY) for nutrient analysis. Rumen samples were
additionally taken five days before the end of the experimental period via an esophagus tube,

placed into plastic containers, and frozen at —20° C.

Diet Compositions

The chemical compositions of alfalfa pellet and hay diets are listed in Table 1.

Feed Intake and Weight Analysis

Daily feed intakes for ewes were exported by using the Process Intakes and Export
Behavior Data routine of the GrowSafe™ Data Acquisition software. The average daily gain of
individual ewes was calculated by calculating the slope of a linear regression of weight recorded
over the experimental period. Regression coefficients of this linear regression were then used to
calculate mid-test body weight (MTBW). Mid-trial metabolic body weight (MBW) was then
calculated using MBW = (MTBW)7>. Raw feed intake data was transformed into a dry matter
intake (DMI) basis. Daily DMI estimates were then modeled via linear regression of each ewe’s
dry matter feed intake over the days of the experimental period. All feed intake data analysis was
performed using R 4.2.1 and R-Studio Build 461 (R Core Team, 2017; R Studio Team, 2023).

Expected feed intake was modeled for each ewe through the following equation:

Expected Feed Intake = DMI regression intercept + B1 * MBW + B2 x ADG + error.

Linear regressions on DMI over ADG and MTBW were then calculated to determine coefficients
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B1 and B2, respectively. Ewe residual feed intake (RFI) was then calculated for each ewe by
taking the difference between their actual feed intake and expected feed intake.

Linear regressions were made between ADG, RFI, DMI, MTBW, and PWWT EBVs.
Linear regressions were made based on the model Y = X where Y is a dependent phenotype,
X is a different explanatory phenotype, and f is the slope coefficient between the explanatory
phenotype and the dependent phenotype. Linear regressions were performed repeatedly to make
all combinations between ADG, RFI, DMI, MTBW, and PWWT EBV phenotypes. Additional
linear regressions were made between the 1%t and 2" experimental period’s ADG, RFI, DMI, and
MTBW. The breed was not incorporated into the model as initial T-tests between breeds showed
no differences in ADG, RFI, DMI, or MTBW (P>0.05). Associations with P<0.05 were found to

be statistically significant.

Genomic Analysis

Sixty-seven animals were genotyped on the Neogen Geneseek 50k Ovine GGP SNP chip
at Geneseek (Lincoln, NE). Genetic data retrieved by Neogen Geneseek was then uploaded into
Golden Helix SNP and Variation Suite software (Bozeman, MT) for processing and analysis.
Quality controls were applied, and SNPs were removed if they had a call rate of less than 90%, a
minor allele frequency of less than 0.05, and had not more than two alleles per SNP. These
thresholds removed 7,033 SNPs leaving 44,855 SNPs available for subsequent analysis.

Dry matter intake, ADG, RFI and MTBW phenotypes from both experimental periods

were added to the remaining genotypic data creating a data set for analysis. A genomic kinship
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Table 1. Chemical Composition of Diets used in Experimental Period One and Two.

Components! Period One: Alfalfa Pellets Period Two: Alfalfa Hay
% Dry Matter 90.6 89.7
% Crude Protein 17.7 17.4
% Available Protein 16.3 15.9
% Adjusted Crude Protein 17.3 16.9
Soluble Protein % CP 44 45
Degradable Protein % CP 78 76
% NDICP 4.1 2.9
% ADF 32.7 31.1
% aNDF 41.7 37.2
% Lignin 7.2 6.8
% NFC 31.3 334
% Starch 1.6 1.5
% WSC (Water Sol. Carbs.) 10.0 10.6
% ESC (Simple Sugars) 7.9 8.4
% Crude Fat 1.8 2.2
% Total Fatty Acids 1.2 1.51
% RUFAL 0.45 0.59
% Ash 7.50 9.87
% TDN 61 63
Mcal DE /Kg, 1x 2.77 2.76
Mcal ME /Kg, 1x 2.35 2.34
Mcal NEL /kg, 3x 1.33 1.33
Mcal NEM /kg, 3x 1.40 1.4
Mcal NEG /Kg, 3x 0.82 0.82
Relative Feed Value 142 162
% Calcium 1.62 1.35
% Phosphorus 0.26 0.26
% Magnesium 0.33 0.22
% Potassium 1.31 2.55
% Sulfur 0.25 0.28
% Chloride lon 0.67 0.61
IVTD 30hr, % of DM 72 7
NDFD 30hr, % of NDF 32 37
kd, % /hr 2.82 3.72
% Lysine 0.90 0.88
% Methionine | 0.28 0.27

1Components are reported on a Dry Matter basis
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matrix was also computed using EMMAX incorporated as a random effect in Genome-
Wide Association Study (GWAS). A Bonferroni corrected P-value of less than 0.05 was used to
denote genome-wide significance for any trait. The UCSC genome browser database was used
for the functional annotation of significant SNPs. SNPs that were within an annotated known

gene were considered to be candidate genes.

Microbial Analysis

Once microbial samples from both experimental periods were collected, DNA was
extracted from rumen fluid samples using Qiagen’s QlAamp Power Fecal Pro DNA Kit
following the manufacturer’s recommendations. DNA quality was assessed using a Generation 5
Biotek scanner and the Epoch software. DNA extraction was repeated if DNA concentration was
less than 20 ng/ul or if the 260/280 ratio was not within 1.6-2. 114 DNA samples, 57 and 57
from experimental periods one and two, were subsequently shipped to Novagene for 16s rRNA
sequencing of the VV3-V4 region. The sequenced DNA was then compared to known microbial
species 16s rRNA molecules. If an amplified DNA strand matched a known bacterial species’
16s rRNA region by 97%, the template DNA was determined to be from the same species.

Average species profiles, observed species number, Simpson, Shannon, and calculated
Unifrac distance were compared between experimental periods one and two through two-tailed T
tests. T-test differences were found significant at P<0.05. A PCoA, PCA, and NMDS were also
performed between periods to show the distance between microbial samples. Anosim, MRPP,
Andonis, and Amova tests were also performed between periods to detect differences in the

experimental periods’ microbial community compositions.
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CHAPTER FOUR

RESULTS

Trait Associations

The median age for the ewes was 121 + 5 and 355 + 5 days at the start of the
experimental period for trials one and two, respectively. Mid Trial Body Weight, MBW, and
ADG differed significantly between the two experimental periods (P<0.05, table 2). Sheep in
experimental period two had an average MTBW 7.4kg higher than experimental period one.
Differences in production measurements are listed in Table 1. Ewes in trial one were growing
with 0.26 + 0.12 kg gain per day compared to trial two, which had a -0.02 + 0.16 kg per day gain
indicating they were neither growing nor losing weight, indicative of a maintenance
physiological state. Linear associations were present between experimental period one and
experimental period two DMI, MTBW, and MBW of the sheep (P<0.05). Still, they were not

found between trial one and two RFI nor ADG (P>0.05).

Table 2. Production Trait Measurements

Trait Period One Period Two P Value!
Age (Days) 121+5 355+5 >0.05
MTBW kg 27.8+4.39 35.2+8.02 <0.05
MBW kg 145 +1.70 35.2+8.02 <0.05
ADG kg/day 0.26 +0.12 -0.02 £0.16 <0.05
DMI kg/day 2.01+£0.38 2.18+1.62 >0.05
RFI1 kg/day 0.00 £ 0.24 0.00+1.34 >0.05

P Values of >0.05 indicate significant differences between experimental period one and
experimental period two traits using a two-tailed t-test.
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Residual feed intake was not associated with PWWT EBVs nor ADG in either trial one
or two (P>0.05). The ADG was not associated with DMI in either trial one or two (P<0.05).
Post-weaning weight estimated breeding values were not associated with ADG in either trial one
or two (P>0.05) but were associated with DMI, MTBW, and MBW (P<0.05). Dry matter intake
and MTBW were also associated in trials one and two (P<0.05). The results of linear

associations between different traits are summarized in Table 3.

Table 3. Linear Associations Between Traits

Experimental Trait 1 Trait 2 P Value! R? 2
period
Period One  PWWT EBV RFI >0.05
ADG RFI >0.05
MTBW RFI >0.05
DMI ADG >0.05
PWWT EBV ADG >0.05
PWWT EBV MTBW <0.05 A9
PWWT EBV MBW <0.05 19
PWWT EBV DMI <0.05 .07
MTBW DMI <0.05 31
RFI DMI <0.05 .38
Period Two PWWT EBV RFI >0.05
ADG RFI >0.05
DMI ADG >0.05
MTBW RFI >0.05
PWWT EBV ADG >0.05
PWWT EBV MTBW <0.05 14
PWWT EBV MBW <0.05 19
PWWT EBV DMI <0.05 .08
MTBW DMI <0.05 31
RFI DMI <0.05 .67

1p values <0.05 indicate a linear association between trait 1 and trait 2.

?R? values are given to show the strength of the relationship between linear model and dependent
variables within the established linear associations.
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Genome-Wide Association Study

A single SNP association was found with the second trial RFI and DMI at
Oar2:68812505 when MTBW was a covariable (Bonferroni adjusted P<0.05, Fig 1 and 2). The
associated SNP is located in DNA that has homologous DNA in non-sheep reference genomes
that has been annotated to contain the Doublesex and Mab-3 Related Transcription Factor 2
(DMRT2) gene. Doublesex and Mab-3 Related Transcription Factor 2 enables identical protein
binding activity and sequence-specific DNA binding activity and can regulate gene expression of
other genes (NCBI, 2023). The DMRT2 gene has not been associated with DMI or RFI in sheep
before. In Bos indicus cattle, DMRT2 has been associated with residual body weight gain;
however, this is DMRT2 only known association with the feed efficiency (Santana and GOMES,
2015). No direct associations between DMRT2 and DMI have been established, however, Dmrt2
has been associated with embryonic development of rib cage and sternum which could have
impacts on DMI (Ono et al., 2021). Importantly, limitations on study size likely made this
GWAS underpowered. A larger sample size GWAS will be needed to confirm the current

associations and possibly detect other markers related to our phenotypes.

Microbial Associations

Sheep in trial two had a higher overall observed species number than sheep in trial one.
Alpha diversity differed between the two periods, with maintenance having a higher Simpson
index than growth (P<0.05). Beta diversity also differed between trials and was increased in the
rumen microbiomes of sheep in growth, comparing both weighted and unweighted unifrac

distances (P<0.05). Principal Coordinate Analysis between groups clustered based upon the
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physiological state of sheep and appear to have population structure based upon the

physiological state (Figure 3, Amova P<0.05).

-log10(Raw P Value)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 X
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Figure 1. Manhattan Plot of -logio(p-values) of the association with experimental period two RFI
with MTBW as a covariate. The horizontal black line indicates the Bonferroni corrected
threshold of 0.05.
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Figure 2. Manhattan Plot of -logio(p-values) of the association with experimental period two

DMI with MTBW as a covariate. The horizontal black line indicates the Bonferroni corrected
threshold of 0.05.
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Physiological states appear to have distinct microbial communities, with dissimilarities between
growth and maintenance being larger than those within growth and maintenance (Anosim

R?=.88, P<0.05).
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Figure 3: PCoA of Microbiomes. The microbiomes cluster by physiological state with those
sampled during growth (red) differentiating from those sampled during maintenance (green)

Specific phyla, classes, orders, families, genera, and species differed between the
maintenance and growth physiological states of microbiomes. Phylum, class, order, family,
genus, and species taxonomic levels had 17, 34, 73, 110, 251, and 131 differently abundant taxa,
respectively. Importantly greater than 90% relative abundance of individual species were put in
the “Other” category likely because their sequences were not characterized to a known species.
This limited the amount of divergently abundant species found compared to other taxon with less
high requirements such as genera. The top 15 relatively divergent microbes of each taxon are

recorded in Table 3.
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Important phyla that were relatively increased in the maintenance group included
Fibrobacterota and Thermoplasmatota (Table 4, P<0.05). In contrast, the only phyla that
increased in growth were Euryarchaeota (Table 4, P<0.05).

Classes that relatively increased during maintenance include Bacilli, Fibrobacteria, and
Thermoplasmata (Table 4, P<0.05). In addition, a class that increased during growth included
Methanobacteria (Table 4, P<0.05).

Orders with relative abundances increased in maintenance microbiomes include
Bacillales and Oscillospirales (Table 4, P<0.05). In addition, orders that increased in growth
include Lachnospirales and Methanobacteriales (Table 4, P<0.05).

Families increased in maintenance include Bacillaceae, Bacteroidales F082, and
Oscillospirales UCG-010 (Table 4, P<0.05). Families with increased relative abundance in
growth microbiomes include Bacteroidales p-251-05, Methanobacteriaceae, and
Lachnospiraceae (Table 4, P<0.05).

Genera that increased abundance when sheep were in maintenance were Butyrivibrio,
Bacillus, Rikenellaceae RC9 gut group, Bacteroidales F082 F082, Anaeroplasma,
Oscillospiraceae UCG-002, Staphylococcus, Ruminococcus, and Lachnospiraceae XPB1014
group (Table 4, P<0.05). Genera that were increased in abundance when sheep were in growth
include Oscillospiraceae NK4A214 group, Bacteroidales p-251-05 p-251-05, Methanosphaera,
and Lachnospiraceae NK3A20 group (Table 4, P<0.05).

Species that were higher in relative abundance in maintenance included Treponema
bryantii, Lachnospiraceae bacterium, Treponema ruminis, Bacteroidales bacterium,

Thermoactinomyces khenchelensis, Bacillus thermolactis, Bacillus clausii, Butyrivibrio sp. and
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Prevotella ruminicola (Table 4, P<0.05). The species that was more abundant in growth was

bacterium WCE3006 (Table 4, P<0.05).

Table 4. Relative Abundances of Bacterial and Archaeal Taxa in Maintenance or Growth

State Sheep
Growth Maintenance P
Taxa Relative sd Relative sd Value
Abundance Abundance
Phylum
0.0008
0, 0, 0 0
Euryarchaeota 531% 3.61% 3.31% 2.54% 20709
i 0.0162
0, 0, 0 0
Proteobacteria 0.67% 0.76% 1.84% 3.49% 62492
Actinobacteriota 223%  141% 307%  205% oo
Cyanobacteria 020%  0.38% 071%  083% O
Spirochaetota 0.46%  0.41% 082% 0530 O4°E
05
Desulfobacterota 0.18%  0.10% 0.40%  0.15% 5'05154
Patescibacteria 0.07%  0.04% 022% 012 M
Synergistota 0.07%  0.10% 019%  013% 0
i 0.0092
0, 0, 0 0
Fibrobacterota 0.15% 0.21% 0.26% 0.22% 50816
Thermoplasmatota 0.04%  0.07% 012%  010% 1O
Verrucomicrobiota 0.02%  0.02% 000%  007% ¥
Elusimicrobiota 001%  0.01% 00s% 003% M
Bdellovibrionota 0.00%  0.01% 001%  0.029% 0002
67902
itrospi 0.0312
9 0 0 0
Nitrospirota 0.00%  0.00% 0.00% 0.01% 30902
Planctomycetota 0.00%  0.01% 001%  0.01% Cor2)
39066
Class

Table 4 Continued
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Methanobacteria
Clostridia

Bacilli
Vampirivibrionia
Actinobacteria
Spirochaetia
Alphaproteobacteria
Desulfovibrionia
Synergistia
Fibrobacteria
Acidimicrobiia
Gracilibacteria
Saccharimonadia
Thermoplasmata

Kiritimatiellae
Order

Burkholderiales
Thermoactinomycetales
Desulfovibrionales
Pseudonocardiales
Aeromonadales

Clostridia

5.31%

48.60%

2.72%

0.12%

0.36%

0.45%

0.25%

0.17%

0.07%

0.15%

0.03%

0.03%

0.04%

0.04%

0.01%

0.16%

0.02%

0.17%

0.03%

0.09%

0.32%

3.61%

10.49%

1.16%

0.16%

0.57%

0.41%

0.46%

0.10%

0.10%

0.21%

0.05%

0.03%

0.03%

0.07%

0.02%

0.21%

0.01%

0.10%

0.02%

0.13%

0.13%

3.31%

43.20%

6.38%

0.68%

0.92%

0.80%

0.52%

0.37%

0.19%

0.26%

0.11%

0.11%

0.11%

0.12%

0.06%

0.32%

0.21%

0.37%

0.25%

0.32%

0.63%

2.54%

7.06%

2.91%

0.83%

0.97%

0.53%

0.76%

0.14%

0.13%

0.22%

0.26%

0.10%

0.06%

0.10%

0.07%

0.27%

0.14%

0.14%

0.18%

0.40%

0.20%

0.0008
71
0.0017
04
3.47E-
13
3.75E-
06
0.0003
06
0.0001

0.0258
73
1.53E-
14
8.90E-
08
0.0092

0.0195
84
4.09E-
07
6.62E-
13
2.16E-
05
8.50E-
07

0.0003
19766
2.44E-
13
1.53E-
14
3.02E-
13
0.0000
701
1.18E-
16
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Spirochaetales
Gastranaerophilales
Staphylococcales
Acholeplasmatales
Bacillales
Oscillospirales
Lachnospirales
Methanobacteriales

Erysipelotrichales
Family

Erysipelotrichaceae
Bacteroidales p-251-05
Methanobacteriaceae
Lachnospiraceae
Bacillaceae
Ruminococcaceae
Rikenellaceae
Bacteroidales F082
Acholeplasmataceae
Staphylococcaceae

Gastranaerophilales
Table 4 Continued

0.45%

0.12%

0.05%

0.66%

0.20%

9.58%

26.05%

5.31%

1.41%

1.10%

1.51%

5.31%

25.87%

0.19%

1.77%

4.35%

1.18%

0.66%

0.05%

0.12%

0.41%

0.16%

0.03%

0.64%

0.21%

2.59%

7.03%

3.61%

0.60%

0.48%

1.58%

3.61%

6.99%

0.19%

0.85%

2.19%

0.74%

0.64%

0.03%

0.16%

0.80%

0.68%

0.77%

1.54%

2.14%

11.66%

17.06%

3.31%

0.99%

0.72%

0.79%

3.30%

16.92%

2.10%

2.81%

5.39%

2.08%

1.54%

0.77%

0.68%

0.53%

0.83%

0.76%

1.04%

1.84%

2.43%

4.03%

2.54%

0.27%

0.22%

0.53%

2.54%

4.01%

1.81%

0.96%

2.29%

0.76%

1.04%

0.76%

0.83%

0.0001
7972
0.0000
0375
1.28E-
09
0.0000
00436
8.52E-
11
0.0000
234
6.93E-
13
0.0008
70709
0.0000
o777

7.44E-
07
0.0017
39055
0.0008
71306
6.64E-
13
1.06E-
10
1.09E-
08
0.0149
97848
3.29E-
09
4.36E-
07
1.28E-
09
3.75E-
06
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Spirochaetaceae

Oscillospirales UCG-
010

Hungateiclostridiaceae

Bacteroidales BS11 gut

group
Genera

Oscillospiraceae
NK4A214 group
Bacteroidales p-251-05
p-251-05

Methanosphaera
Blautia

Acetitomaculum

Lachnospiraceae
NK3A20 group

Butyrivibrio

Bacillus

Rikenellaceae RC9 gut

group
Bacteroidales F082

F082
Anaeroplasma

Oscillospiraceae UCG-
002

Staphylococcus

Ruminococcus

Lachnospiraceae
XPB1014 group
Species

Table 4 Continued

0.45%

0.25%

0.32%

0.02%

6.04%

1.51%

1.74%

1.71%

4.03%

9.75%

1.24%

0.16%

4.31%

1.18%

0.57%

0.17%

0.04%

1.30%

0.38%

0.41%

0.10%

0.13%

0.02%

2.02%

1.58%

1.27%

0.67%

1.84%

4.15%

0.70%

0.19%

2.19%

0.74%

0.57%

0.09%

0.02%

0.63%

0.18%

0.80%

0.57%

0.63%

0.27%

5.35%

0.79%

0.51%

0.45%

1.47%

2.52%

2.78%

1.69%

5.35%

2.08%

1.36%

0.90%

0.68%

1.87%

0.95%

0.53%

0.20%

0.20%

0.33%

1.56%

0.53%

0.38%

0.27%

0.76%

1.08%

1.34%

1.42%

2.28%

0.76%

0.92%

0.28%

0.62%

0.69%

0.46%

0.0001
7972

3.49E-
17
7.98E-
17
3.94E-
07

0.0424
68695
0.0017
39055
1.70E-
09
3.67E-
21
7.73E-
15
3.78E-
19
2.70E-
11
5.76E-
11
0.0145
0155
3.29E-
09
0.0000
00334
1.37E-
28
1.61E-
10
0.0000
0911
5.25E-
13
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Others
Bacterium WCE3006

Treponema bryantii

Lachnospiraceae
bacterium

Treponema ruminis

Bacteroidales
bacterium
Saccharopolyspora
rectivirgula
Thermoactinomyces
khenchelensis
Staphylococcus
equorum

Bacterium MC2003
Bacterium AC2043
Bacillus thermolactis
Bacillus clausii
Butyrivibrio sp.

Prevotella ruminicola

96.58%

0.09%

0.05%

0.09%

0.02%

0.01%

0.02%

0.01%

0.01%

0.04%

0.25%

0.03%

0.03%

0.75%

0.26%

1.85%

0.07%

0.06%

0.05%

0.02%

0.01%

0.01%

0.01%

0.01%

0.03%

0.29%

0.02%

0.01%

0.48%

0.45%

91.21%

0.01%

0.12%

0.16%

0.11%

0.11%

0.15%

0.15%

0.16%

0.24%

0.48%

0.42%

0.44%

1.41%

1.98%

2.11%

0.01%

0.09%

0.06%

0.12%

0.10%

0.11%

0.11%

0.18%

0.21%

0.13%

0.38%

0.40%

0.76%

1.36%

3.58E-
27
4.79E-
15
0.0338
17508
0.0377
81582
0.0387
30396
0.0425
87757
0.0437
92372
0.0444
72583
0.0444
72583
0.0444
72583
0.0444
72583
0.0457
81003
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CHAPTER FIVE

DISCUSSION

Trait Associations

The lack of an association between post-weaning weight estimated breeding values
(PWWT EBYV) and residual feed intake (RFI) indicates that producers are not selecting on feed
efficiency when they are selecting towards higher weaning weight lambs. This result is further
supported by the lack of association between RFI and mid trial body weight (MTBW).
Moreover, metabolic body weight (MBW) has not been associated with RFI in sheep in the past
(Zhang et al., 2017; Zhang et al., 2021). Selection towards larger lambs at weaning does not
disproportionately increase the metabolic need compared to the body size increase.

While the PWWT EBVs are positively associated with MTBW, they are not associated
with ADG. There are strong phenotypic and genetic correlations between weaning weight and
ADG, 0.94 and 0.55 (Rashidi et al., 2008; Malik et al., 2016). Environmental factors may have
created enough variance in the current study’s sheep’s MTBW and ADG to where PWWT EBVs
were not associated with ADG. However, since weaning weight is correlated with mature size
and body weight is associated with ADG, when producers use PWWT EBVs to make selection
decisions, they should expect to see larger, faster growing lambs that reach higher weights at
weaning (Herd et al., 1993). Moreover, due to the correlation between mature size and weaning
weight selection using PWWT EBVs will lead to larger ewes in their flock (Herd et al., 1993).
As there is a positive relationship between dry matter intake (DMI) and MTBW, the larger ewes

produced by this selection will have higher feed intakes. The positive relationship between
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PWWT EBVs and DMI further supports that increases in feed intakes are related to larger body
weight. Borg 2004 suggested that dry matter requirements increased 3.34 kg per base ewe bred
from selection to improve weaning weight (Borg, 2004). Increasing DMI in sheep for producers
who live in forage-limited areas resulted in a reduction of flock size to meet nutrient
requirements, which limits revenue by reducing future lamb crop sizes (Borg, 2004). Selection
towards higher extremes in PWWT EBVs may limit the herd size in operations in resource
limited areas. However, Borg 2004 suggests that increasing preweaning growth is economically
advantageous due to an increased lamb value at market (Borg, 2004). In Borg’s simulation, most
negative economic effects from increasing weaning weight were a consequence of larger ewes,
due to the positive correlation between yearling weight and weaning weight. The economic value
of weaning weight selection was approximately $0.80 higher in non-discounted market and the
impact of yearling weight was further changed depending upon resource availability and forage
price (Borg, 2004). Selection towards weaning weight may be more advantageous when forage
cost is low, feed resources are not limited, and markets do not discount heavy weight lambs. The
use of PWWT EBVs for selection alone may not be advantageous to resource limited producers
due to the higher DMI of feedstuff as mature ewes. However, selection using PWWT EBVs may
be advantageous for some producers if incorporating it into a selection index with a large
negative weight for yearling weight.

R? values of linear models between traits remained roughly the same between
experimental periods, apart from the association between RFI and DMI, where R? values
increased from .38 in experimental period one to .67 in experimental period 2. The increase in

association strength may be due to the lack of ADG in experimental period 2. Suppose feed
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intake is increased in one sheep compared to another sheep while they both are not gaining
weight. In that case, it is easy to identify the one who is eating less feed efficiently, associated in
our study with a higher RFI. When two sheep eat different amounts but gain weight
independently, it is harder to model the difference in feed efficiency using DMI as the single
variable. The difference in association strength when modeling feed efficiency between
maintenance and growth indicates that while ADG is not directly associated with RFI, ADG
likely does impact feed efficiency in growing animals. Therefore, the lack of association between
RFI and ADG is likely an artifact of how RFI is calculated.

The lack of association of RFI and DMI between experimental periods indicates that RFI
and DMI are not repeatable between growth and maintenance physiological states. Redden et al.,
2011 found similar results where RFI and DMI were not correlated between sheep in post-
weaning growth and at yearling age (Redden et al., 2011). In cattle, however, RFI was shown to
be repeatable between growing and finishing phases, where they were fed a high concentrate or a
grass silage plus concentrate diet (Lahart et al., 2020). Forage similarity was suggested to cause
similar intake and digestive characteristics between the two diets, leading to correlated RFI
(Lahart et al., 2020). In our study, the chemical composition and forage source was similar
suggesting that the difference in RFI between experimental periods is independent of diet. The
reranking of RFI has been shown as animals mature (Lahart et al., 2020). Since ewes in the
second experimental period were at yearling age, they were more mature than ewes in the first
experimental period, which may have played a part in reranking the RFI of the ewes. More work
is needed to understand how the biological mechanisms that affect RFI change between growth

and maintenance physiological periods in sheep.
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Mid-trial body weight, MTBW, ADG, and MBW are associated between growth and
maintenance, indicating that these measurements are predictable in the two physiological states.
This relationship is important as MTBW, ADG, and MBW only depict one of the five
physiological processes crucial in determining livestock feed efficiency, namely metabolism
(Herd and Arthur, 2009). More work must be done to indicate the relationship between digestion
of feed, physical activity, and thermoregulation between life stages to determine the overall
predictiveness of feed efficiency between time points. As DMI was not predictive between life
stages, it suggests that at least one of the five major physiological processes associated with feed
efficiency is not predictable in sheep, indicating there likely will always be some inaccuracy
when using feed efficiency measurements created from data in one physiological state later in
another physiological state. Furthermore, the lack of association of RFI between experimental
periods indicates a lack of fitness of RFI to compare feed efficiency between multiple time
points. Therefore, if producers select feed efficiency using RFI in the future, they should

consider RFI during growth as a different trait than RFI while at maintenance.

Doublesex and Mab-3 Related Transcription Factor 2 Gene

The function of the Doublesex and Mab-3 Related Transcription Factor 2 (Dmrt2) gene
has yet to be explored within sheep. Dmrt2's function has been studied primarily in mice.
Doublesex and Mab-3 Related Transcription Factor 2 is part of the Dmrt gene family known to
regulate myogenesis and skeletal development during embryogenesis (Bellefroid et al., 2013).

In mice myogenesis, the Dmrt2 gene regulates the Pax3-Dmrt2-Myf5 regulatory cascade
(Sato et al., 2010). Dmrt2 regulates myogenesis in the myotomes of embryos by activating the

Myf5 gene (Sato et al., 2010). Expression of the Dmrt2 gene creates the Dmrt2 protein, which
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binds to and promotes the expression of Myf5, which in turn initiates myogenesis by forming the
early epaxial myotome (Sato et al., 2010). Likewise, a lack of Dmrt2 expression has been shown
to disrupt the early formation of the myotome and the subsequent formation of skeletal muscle
(Sato et al., 2010). Differences in Dmrt2 expression have resulted in the diffusion of myogenic
markers in the myotome and correlate with a lack of laminin, a required ligand in the formation
of the myotome (Kwang Won et al., 2006). In sheep, the role of the Myf5 gene is like that in
mice and cattle in that it promotes and regulates skeletal muscle growth (Wang et al., 2017). If
the mouse-derived mechanism occurs between DMRTt2 and Myf5 in sheep, DMRTt2 may
promote muscle fiber development in sheep. The hypothesized increased development of muscle
fiber may allow for more accessible and less costly muscle growth and maintenance of that
growth, increasing sheep's feed efficiency. Furthermore, if DMRTt2 promotes the maintenance of
muscle fibers, less metabolic energy may be needed by the sheep, which in turn may decrease the
feed intake of the sheep.

During the skeletal development of mice, the Dmrt2 gene works by regulation and
functional collaboration of the Runx2 gene in the Sox9-Dmrt2-Runx2 cascade in pre-hypertrophic
chondrocytes (Ono et al., 2021). Runx2 regulates the Indian hedgehog signaling molecule (1hh)
gene in mice responsible for chondrocyte hypertrophy (Yoshida et al., 2004). Overexpression of
Dmrt2 induced a greater expression of lhh, thereby promoting bone growth in the mice (Ono et
al., 2021). Dmrt2 expression is a promoter of Runx2 expression and can therefore regulate Ihh
expression. Using long bovine bones, hedgehog signaling was found to play a role in
significantly reducing bone destruction, indicating its importance in keeping bones healthy and

intact (Zhang et al., 2020). In sheep, hedgehog signaling pathways govern epithelial structure
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and disruptions to said pathways can cause midline abnormalities (Chen, 2016; Shaomei et al.,
2020); they may also play a role in skeletal bone development and maintenance, like in mice and
cattle. Since Hedgehog signaling pathways likely play a role in skeletal growth in sheep, the
DMRT2 gene may play a similar regulatory role to that in mice. This mechanism may partially
explain the association between RFI and DMRT2. As DMRT2 promotes easier maintenance of
bones, increases in DMRT2 would make maintaining bones in sheep easier, and overall, the
sheep likely would not have to expend as much energy. Alternatively, DMRT2’s association with
the embryonic development of mice’s sternum and ribcage likely could impact DMI by
increasing body size (Ono et al., 2021). In mice with Dmrt2 knockouts, mice exhibited dwarf
phenotypes with small sternums and ribcages, indicating that greater amounts of DMRT2
expression may lead to larger mice (Ono et al., 2021). If higher expression of DMRT2 increases
the body size of sheep, it would also increase the energy requirements of the sheep and therefore
may increase DMI. Further work is needed to fully understand the role of DMRT2 in impacting

DMI in sheep.

Maintenance and Growth Microbial Associations

The uniqueness of the microbiomes associated with either growth or maintenance was
shown in how they differed and clustered independently (Figure 1). The anosim test suggests
there are much larger differences between microbiomes associated with either physiological state
than within each physiological state’s microbiome, supporting the idea that the two experimental
periods' microbiomes have unique microbial community compositions. Moreover, the two
microbial communities were characterized by differing alpha and beta diversities. Increased

alpha diversity within the maintenance sheep is likely due to the higher species count found in
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those sheep's microbiomes. Increased microbial diversity in older ewes has been previously
shown (Yin et al., 2021). Increased beta diversity in growth experimental period ewes compared
to maintenance experimental period ewes indicates that the rumen microbiomes are becoming
more like each other as the animal ages. Yin et al., 2021, also concluded that within-group
similarity increases between sheep microbiomes age-dependently (Yin et al., 2021). Changing
diets, especially at weaning, as a sheep grows appears to be a strong promoter of increased
microbial diversity and microbial community maturity (Wang et al., 2019; Yin et al., 2021).
Since our lambs were weaned at the start of the first experimental period, their microbiomes
were likely less mature, which led to a lessened alpha diversity and a more deviating microbiome
community composition. As the sheep were introduced to hay and range graze diet between
experimental periods and then an alfalfa hay diet during the second experimental period, their
microbiomes had more time to be introduced to forages and mature by selection towards fiber
digestion. These differences in rumen microbiome maturity led to the uniqueness of
microbiomes between the two experimental periods. The relative differences in the high-level
taxon, such as phylum and class, further support the uniqueness of different microbiomes
between growth and maintenance sheep.

Methanogens, archaea that produce methane under anaerobic conditions, belongs to the
phylum Euryarchaeota (Guo et al., 2005). Increasing Euryarchaeota in the physiological growth
state of sheep might have resulted from the different diets between the two physiological stages.
Decreasing particle size in anaerobic digestion has been associated with increased methane
production (Izumi et al., 2010). Since Euryarchaeota encompasses the methanogens that produce

methane, decreased Euryarchaeota in the maintenance experimental period might be due to the
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larger particle size in the alfalfa hay compared to the pellets. Ortolani et al., compared the
fermentation of fibrous feedstuff in a ground or a non-processed form and suggested that
grinding of fibrous feedstuff may promote higher rates of fermentation, estimated from larger gas
production, and increase nutrient availability (Ortolani et al., 2020). Reduction of particle size
may increase nutrient availability by increasing the surface area of feedstuff that microorganisms
can reach thereby increasing the hydrolysis of cellulose in said feedstuff (Hu et al., 2004).
Moreover, accumulated methane levels were increased in the ground feedstuff in the first 24
hours (Ortolani et al., 2020). This suggests that our pelleted diet may have had greater nutrient
availability due to smaller particle size, which may increase the relative amounts of methanogens
we found in our growth period microbiomes.

Methanobacteria was the most prevalent archaeal class within the sheep microbiomes for
either physiological state, making up 99% and 95% of the archaeal community for growth and
maintenance. Similarly, in the order below Methanobacteria, Methanobacteriales was also highly
prevalent, making up 99% and 96% of archaeal orders in growth and maintenance. Previous
results found the prevalence of Methanobacteria within the Archaeal kingdom to be similarly
high at 85% and that Methanobacteriales is a typical prevalent archaeal order in ruminants
(Huang and Li, 2018; Malik et al., 2022). The prevalence of Methanobacteria and
Methanobacteriales within the archaeal grouping indicates they play a prominent role in
methanogenesis in the sheep rumen. The ~2% relative decrease of Methanobacteriales shown
between growth and maintenance suggests less methanogenesis in the maintenance sheep.
Methane production has been linked to lower feed efficiency in sheep and can account for a

16.1% loss of digestible energy (Randhir Singh et al., 2019; Paganoni et al., 2017). Therefore,
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growing sheep with higher percentages of Archaea, specifically Methanobacteriales, likely have
lower energy efficiency than if they were to have more mature microbiomes like at maintenance.

The genera Methanosphaera also increased relatively in growth. Higher proportions of
Methanosphaera, differing with its higher methanogenic taxon, has been negatively correlated
with methane production in dairy cattle, beef cattle, and sheep but has been associated as a
marker for reduced methane output (Kittelmann et al., 2014; Shi et al., 2014; Danielsson et al.,
2017; Smith et al., 2022). Methanosphaera differs from other methanogenic archaea because it
produces methane by reducing methanol through methylotrophic methanogenesis (Smith et al.,
2022). Methylotrophic methanogenesis has lower Hz requirements than other types of methane
synthesis, making it more energetically advantageous and producing lower amounts of methane
(Smith et al., 2022). Thus, an increased Methanosphaera percent within the methanogens of a
rumen microbiome should decrease the methane production and energy loss of the rumen for a
given sheep. However, since Methanosphaera still creates methane, it is less energy efficient
than non-methane producers. The relative increase in abundance in growth physiological stage
sheep of Methanosphaera indicates that while the growth state sheep have relatively low
methane emitting Methanobacteria, they likely are still producing more methane than the
maintenance sheep relative to body size, as the maintenance state sheep have lower
Methanobacteria proportions.

Thermoplasmata was the only Archaea class that was increased in maintenance and can
perform methanogenesis (Bueno de Mesquita et al., 2023). However, Thermoplasmata's slight

relative increase during maintenance compared to the larger relative increase of Methanobacteria
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in growth suggests the increase in Thermoplasmata is merely a result of a more diversified and
mature microbiome and not an indication of increased methanogenesis within the rumen.

The order of Oscillospirales is known to contain the Oscillospiraceae genera that perform
in cellulolytic processes such as the degradation of cellulose and hemicellulose (Yildirim et al.,
2021). Increased amounts of Oscillospirales in the maintenance period of sheep indicate a higher
need to break down foodstuff through cellulolytic processes. The difference may be due to a
difference in processing between feedstuffs. The alfalfa pellets would already have been broken
mechanically down, and therefore there is a lessened need for Oscillospirales in the rumen.
Likewise, larger particle sizes in hay may support higher amounts of Oscillospirales. Bals et al.
proposed that particle size reduction during pelleting improved sugar yields by increasing
cellulose accessibility in enzymatic saccharification within pellets used for biofuels (Bals et al.,
2014). This occurred with only a slight decline in hemicellulose (Bals et al., 2014). If sugar
availability is similarly increased within alfalfa pellets, the need for Oscillospirales within the
rumen may be lowered due to the higher already available sugars. Similarly, genera
Oscillospiraceae UCG-002 and family Oscillospirales UCG-010, which fall under the
Oscillospirales order, were increased in maintenance. These results further indicate the important
role of the Oscillospirales taxon in breaking down feedstuff within the sheep rumen.

The Oscillospiraceae NK4A214 group, a genus in the Oscillospirales order, conversely is
increased in the growth trial sheep. Previously it has been shown that the Oscillospiraceae
NK4A214 group increases when going from an alfalfa diet to a wheat straw diet in the lower
intestines of sheep (Li et al., 2023). Li et al., 2023, suggested that lessened nutrient availability

and recalcitrant structure in the wheat straw caused more species to be employed for co-
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degradation, such as the Oscillospiraceae NK4A214 group (Li et al., 2023). Our results differ, in
that the Oscillospiraceae NK4A214 group was increased in sheep fed a pellet diet that contains
might have more easily accessible cellulose that may be easier to degrade.

Bacteroides is a microbial phylum with cellulolytic capacity prevalent in the rumen (Naas
et al., 2014). The related genera Bacteroidales p-251-05 was found to be increased during
growth, whereas the genera Bacteroidales FO82 and species Bacteroidales bacterium were
increased during maintenance. Increased cellulolytic capacity in maintenance would allow for
easier digestion of structural carbohydrates from the hay. However, Bacteroidales p-251-05's
association with the growth period and the pelleted diet complicates this finding. Bacteroides
contain a large group of microbes that are very genetically diverse (Andrade et al., 2020).
Differences found between Bacteroidales taxa may be due to the genetic diversity of the
Bacteroidales order. Differences between associations in methane production in the
Bacteroidales FO82 group and another Bacteroidales BS11 gut group have been shown, where
the Bacteroidales FO82 group was negatively associated with methane emissions and
Bacteroidales BS11 was positively associated (Andrade et al., 2020). Further study is needed to
understand how different genera and families in Bacteroides functionally differ.

The order Lachnospirales are butyrate-producing bacteria critical for rumen fermentation
and healthy gut microbiomes (Ma et al., 2020). Previous studies showed that Lachnospiraceae, a
family under Lachnospirales, began showing higher abundance after 20 days and positively
correlated with butyrate in sheep (Yin et al., 2021). The association of Lachnospirales,
Lachnospiraceae, and the Lachnospiraceae XPB1014 group with the growth period sheep

indicates an increased utilization of butyrate in growing sheep. Intraruminal production of
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butyrate has been suggested to promote rumen epithelial tissue growth (Sakata and Tamate,
1978). The rumen epithelium is crucial to the sheep as it regulates the absorption of volatile fatty
acids starting when the sheep start digesting solid feed. Therefore, an increased abundance in
Lachnospirales may encourage the growth of rumen epithelial tissue and thus be critical in lambs
around weaning.

Ruminococcus and Butyrivibrio are fiber digesting bacterial genera that play crucial roles
in the breakdown of complex carbohydrates. Butyrivibrio sp. can utilize and break down
complex polysaccharides, e.g., xylan and pectin (Bryant and Small, 1956; Hungate, 2013).
Ruminococcus bacteria can produce cellulases and hemicellulases, which break down the
structure of plants into simple sugars (Zhang et al., 2018). The increased prevalence of both
Ruminococcus and Butyrivibrio in the maintenance period suggests there is a higher need for
fiber degradation in the alfalfa hay compared to the processed pelleted diet.

The Treponema genus contained two species associated with the maintenance period,
Treponema bryantii, and Treponema ruminis. Additionally, the phylum Fibrobacterota and the
class Fibrobacteria also relatively increased in maintenance. Treponema has been shown to share
mutual interaction with Fibrobacteria, where Treponema breaks down hemicellulose, and
Fibrobacteria provides glucose to Treponema (Xie et al., 2018). The interaction of the two
bacterial lines provides a mechanism to break down hemicellulose in both the maintenance and
growth diets. While both diets had similar hemicellulose, indicated by similar NDF, the pelleting
process may have altered the sugar availability of alfalfa in a similar way to that found during

pellet processing for biofuels (Bals et al., 2014). If so, the increased sugar availability in a
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pelleted diet may decrease the amount of bacteria that can fill the niche of hemicellulose and
cellulose degradation, limiting the proportions of Fibrobacterota and Treponema.

Thermoactinomyces khenchelensis has been previously found and described within the
soil sediment of terrestrial hot springs but has not been previously found in animal hosts
(Mokrane et al., 2016). The species isolate grew in fructose, glucose, and maltose media and
grew with pH ranges of 7.0- 9.0 and temperature ranges of 37-55 °C (Mokrane et al., 2016).
Sheep rumen temperatures average around 40 °C and have rumen pH averages ranging from 6.4
to 6.8 (Jasmin et al., 2011; Vesterdorf et al., 2022). The lower pH in the rumen compared to the
soil sediment suggests that some Thermoactinomyces khenchelensis strains may be able to live in
a lower pH than found previously. Rumen temperatures and the availability of glucose from
other microbes within the rumen might be why Thermoactinomyces khenchelensis was able to
colonize the rumen initially. However, lower than optimum pH is likely limiting the population
growth of Thermoactinomyces khenchelensis in sheep in both physiological stages. Moreover,
previous studies indicate that feeding pelleted rations tends to lower the rumen pH by 0.25 to
0.31 units compared to feeding non-pelleted rations (Li et al., 2021). Therefore, if sheep in a
growth physiological stage have a lowered rumen pH due to their pelleted diet, the lower pH
could have further limited the species ' growth, explaining Thermoactinomyces khenchelensis’s
lower abundance in the growth experimental period.

Bacillus thermolactis and Bacillus clausii belong to the Bacillus genera under the class
Bacilli. The taxon under Bacilli all were higher in abundance within maintenance microbiomes.
Bacilli species have been previously used as probiotics in adult sheep. Supplementation of

Bacillus licheniformis and Bacillus subtilis in ewe diets increased milk production, and



64
supplementation of Bacillus amyloliquefaciens H57 altered ewe microbiome communities and
was associated with a higher weight gain (Kritas et al., 2006; Schofield et al., 2018). In addition,
introducing the Bacillus amyloliquefaciens H57 was associated with decreases in
Methanobrevibacter and influenced specific Prevotella species prevalence (Schofield et al.,
2018). While we did not introduce specific bacillus species, these studies indicate that the
increase in the Bacilli class found in maintenance sheep likely affects the abundance of other
species found in the rumen, specifically cellulolytic and methanogenic microbes. Our results of
decreased Methanobacteria in microbiomes with increased Bacilli further corroborate Schofield
et al., 2018's discussion that Bacilli species may alter the amount of methanogenesis within the
sheep rumen.

Prevotella ruminicola is a bacterium that can digest various proteins and peptides through
the action of peptidases (Wallace et al., 1997). The increased amount of Prevotella ruminicola in
maintenance sheep suggests increased amounts of degradable protein within the rumen for
Prevotella ruminicola to utilize. However, in experimental periods one and two, crude protein
was similar between the alfalfa pellets and alfalfa hay. Huang et al., 2015, concluded that
different conditioning temperatures and times when creating pellets could change the protein
profiles of the feed without changing the total protein content (Huang et al., 2015). If this is also
true between alfalfa hay and alfalfa pellets, differences in protein and peptide structures could
have limited Prevotella ruminicola's ability to utilize the alfalfa pellet's protein during the growth
experimental period. Therefore, protein profiles, not just total crude protein, may be needed to

understand microbiome differences between two diets fully.
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CHAPTER SIX

CONCLUSION

Using PWWT EBVs to increase growth rates in sheep to reach market weight faster may
not be a profitable strategy. This study found that PWWT EBVs do not associate with ADG,
indicating that the selection of higher PWWT EBVs does not increase growth rates. Instead,
producers may be increasing the size of their sheep at weaning and, by the indirect selection,
increasing their flock’s mature body size. Larger ewes have higher DMI than smaller ewes;
therefore, indirect selection for higher-weight mature ewes using PWWT EBVs will increase
farm feed costs and decrease the overall flock profitability. Increased revenues of larger market
lambs may not always recuperate this feed expense increase. In rangelands, due to decreasing
forage resources from drought, these effects may have exaggerated impacts on flocks that run
larger mature-sized sheep.

The genomic association of DMRT2 with RFI and DMI in maintenance is the first time
this gene has been associated with either trait in sheep. The association of DMRT2 with these
traits indicates that processes early in utero, such as myotome myogenesis and chondrocyte
hypertrophy, may play an important role in feed efficiency and feed intake later in life. While
selecting a particular allele frequency of one gene is not necessarily practical, including DMRT2
in marker-assisted selection for DMI and RFI in the future could increase selection accuracy, and
further study is warranted.

The differing microbial associations and microbiome structures between growth and
maintenance depict two age-diet-related microbial community compositions within range-type

sheep. Many of the microbes associated with either the growth or maintenance period differed
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depending upon the diet’s carbohydrate structure, largely related to the additional processing of
the pelleted diet. The alfalfa hay with increased structure increased microbes that degrade
cellulose and hemicellulose, whereas the less structured pelleted diet increased methanogenic
Archaea. Differences in microbial structure between growth and maintenance suggest that the
microbiomes of sheep differ as they age due to being introduced to different feedstuff.

Residual feed intake rankings of the ewes on trial changed between trial periods one and
two. Differences in microbiome community compositions and growth rate of the ewes may alter
the feed efficiency as the ewes go from a growth to a maintenance physiological state. The
difference in RFI between growth and maintenance shows that RFI in growth is not predictive of
RFI in maintenance, and therefore they should be considered different traits. Since RFI needs to
be considered different traits between growth and maintenance, RFI also may differ between
other physiological states, such as lactation or late pregnancy, or even between the same
physiological states at different times. Further research needs to be done on the overall
predictiveness of RFI between time points before creating any genomic selection tools using the

RFI phenotype to ensure that the genomic selection tool encapsulates a single trait.
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