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ABSTRACT

Two experiments were conducted to evaluate the effects of acute inflammation
(Experiment 1) and parity (Experiment 2) on peripheral blood leukocyte telomere length
(TL) in Brahman cattle. Experiment 1 utilized 11 heifers (20-21 mo of age) grouped into
either control (n =6) or lipopolysaccharide (LPS) treatment (n = 6) groups. Heifers were
fitted with vaginal temperature probes 7 d prior to treatment. Heifers were weighed, BCS
recorded, and bled by jugular venipuncture prior to each treatment. The LPS doses
increased on corresponding treatment days (d 0, 0.25 pg/kg; d 7, 0.50 pg/kg; d 14, 0.75
pa/kg). Sickness behavior was observed post treatment. In both experiments,
quantitative PCR methods were utilized to determine quantity of telomere sequences and
bovine B-2-globulin gene. Absolute standard curves were created using serial dilutions
of double-stranded DNA oligonucleotides of bovine telomere and -2-globulin genes.
Statistical analyses were conducted utilizing mixed linear models with the MI1X
procedure of SAS. The LPS treatment did elicit a febrile response observed as increased
maximum vaginal temperature (VT) (P = 0.0429), increased change in VT (P < 0.0001),
and decreased time to maximum VT (P < 0.0001). No relationship was seen between TL
for treatment (P = 0.3554), day (P = 0.7338), or the interaction of treatment and day (P =
0.9441). A trend was observed for increased days of age and decreased TL (P = 0.0715).
Experiment 2 involved 19 cows [primiparous (n = 8) and multiparous (n = 11)] sampled
ond-28,d+ 7, and d + 28 pre- and post-calving. Cows were weighed and BCS recorded

on sample days as well as observed for duration of labor and calving ease. A reduction in



TL (9224.5 copies of telomere) was observed between parity 1 and 2 (P = 0.0223), but
no differences were seen in sample day (P = 0.2315) or the interaction of parity and day
(P =0.7696). A greater degree of endotoxin exposure than utilized in this study may be
needed to adequately assess TL response to acute inflammation. Parity was negatively

associated with peripheral blood leukocyte TL in Brahman cows.



DEDICATION

| would like to dedicate this work to my Grandpa Ken (Ken Killion ’55). Your lifelong
passion for agriculture and animals has shaped me into the person | am today. | am so

grateful to have shared my experience at Texas A&M with you and make you proud.



ACKNOWLEDGEMENTS

I would like to thank my committee chair and co-chair, Dr. Welsh and Dr.
Randel, as well as my committee members, Dr. Riley, Dr. Banta, and Dr. Rouquette, for
their guidance and support throughout the course of this research. I would also like to
include Don Neuendorff for his assistance in my research and sharing his lifetime of
knowledge and experience with cattle. A special thanks also goes out to Kelli Kochan
and everyone at the TIGSS lab for assisting me with the lab portion of my thesis.

Thanks also go to my friends and colleagues and the department faculty and staff
for making my time at Texas A&M University a great experience.

Finally, thanks to my parents for their continual support and encouragement.



CONTRIBUTORS AND FUNDING SOURCES

Contributors

This work was supervised by a thesis committee consisting of Dr. Thomas Welsh
Jr. and Dr. Ronald Randel and Dr. David Riley, Dr. Jason Banta of the Department of
Animal Science as well as Dr. Rouquette of the Department of Soil and Crop Science.

All work conducted for the thesis was completed by the student independently.
Funding Sources

Graduate study was supported by the C.0.A.L.S. Merit Fellowship from Texas
A&M University and Robertson Fellowship from the Department of Animal Science.
Funding was also received as a Department of Animal Science teaching assistantship as
well as via the Bruce J. McMillian, Jr. Foundation and the Busch Foundation.

This work was also made possible in part by USDA NIFA (Western Regional
Project TEX03212; Formula Animal Health, TEX09584; AFRI Animal Well-being,
2019-67015-29573), and Texas A&M AgriLife Research, Overton. Its contents are
solely the responsibility of the authors and do not necessarily represent the official views

of the USDA, Texas A&M AgriLife Research, or Texas A&M University.

Vi



TL
dsDNA
SSDNA
TRF1
TRF2
POT1
RAP1
TPP1
TIN2
DDR
DSB
ROS
HTERT
HRT
HSC
ALT
11BHSD
HPC
HPA

CRH

NOMENCLATURE

Telomere Length

Double Stand DNA

Single Strand DNA

Telomeric Repeat Binding Factor 1
Telomeric Repeat Binding Factor 2
Protection of Telomere Protein 1
TRF2-Interacting Protein 1
Adrenocortical Dysplasia Protein Homolog
TRF1-Interacting Factor 2

DNA Damage Response

Double Strand Break

Reactive Oxygen Species

Telomerase Catalytic Subunit
Telomerase RNA Component
Hematopoietic Stem Cell

Alternative Lengthening of Telomeres
11-B-Hydroxysteroid Dehydrogenase
Hematopoietic Progenitor Cell
Hypothalamus-Pituitary-Adrenal Axis

Corticotropin Releasing Hormone

vii



LPS
RCF
WBC
RBC
qT

B2G

Lipopolysaccharide
Relative Centrifugal Force
White Blood Cell

Red Blood Cell

Quantity of Telomere

Beta-2-Globulin

viii



TABLE OF CONTENTS

Page

ABSTRACT ..ottt bbbt b bbb bbbttt i
DEDICATION ..ottt sttt e e e e et e beeteeseene e estesbentesseaneens iv
ACKNOWLEDGEMENTS ..ottt st %
CONTRIBUTORS AND FUNDING SOURCES.......cccccoiiieiieiie it Vi
NOMENCLATURE ..ottt bbbt ens vii
TABLE OF CONTENTS ..ottt te e e aneas iX
LIST OF FIGURES. ......coiitiii ittt bbb Xi
LIST OF TABLES ..ottt Xiii
CHAPTER I INTRODUCTION ..ottt 1
CHAPTER Il LITERATURE REVIEW. ........cci it 3
DefiNiNG TEIOMEIES......ceeeieeee et et 3
TelOMEIE BIOIOGY ... .cueiueeuieieieite ittt 4
SETUCTUTE <.ttt e ettt e b e et e e ne e e beennneenns 4
SEITIN COMPIEX...ciiiiiiieeee e 5

End Replication and Chromosomal Instability ...........cccccevviieiiiicicic e 7

N 1 01 72 TS £ SRS 9
Replication and Length MaintenancCe. ...........cceiveiieiieiieie e 11
Semiconservative Telomere RepliCatioN ... 12
TEIOMEIASE ... ettt bbbt eas 13
PIASTICITY ...ttt bbbt 16
Prenatal Stress and Early AAVEISItY .........coooviiieie i 17
AGING AN DISEASE ...ttt ettt 19
Mood, Behavior, and Mental HNeSS ...........cccoiiiiiiiiieiiesee e 21
Perceived and Environmental SIrESS .........coiveiieieiieie e 21

R o001 Tox £ o] PSSR 23
TelomMeres IN CALLE .......covee e 24

CHAPTER Il EVALUATION OF LIPOPOLYSACCHARIDE INDUCED ACUTE
INFLAMMATORY STRESS ON TELOMERE LENGTH IN BRAHMAN
HEIFERS ... s 29



INEEOTUCTION <.t e ettt e e e e e e e ettt e e e e e e e e e eeeeeeeeeeaaanens 29

Materials and MEthOUS ........ccuviiiiieice e e 30
EXPErimeNntal DESIGN .....cc.veiiieie ettt re e e nneas 30
White BIo0od Cell ISOIAtION .........ccouiiiiiieiieie e 32
DINA EXEFACTION ....c.viviiiiiiiiiieiieie ettt bbbttt bbb 32
QUANTITALIVE PCR ...ttt nre e enes 33
StAtiStICAl ANAIYSES......civeeieiie et 35

RESUIES ...ttt ettt r e ne e re e enes 35

DISCUSSION ..ttt ettt e b bbbttt e bt et et et et et e b s bt bt e n e e s e e e e 46

SUMMIBIY .t b et b e b e b ne e 52

CHAPTER IV COMPARISON OF TELOMERE LENGTH IN AGE-MATCHED
PRIMIPAROUS AND MULTIPAROUS BRAHMAN COWS.........ccoovvvirineeeienienn 53

INEFOTUCTION ...ttt bbbt es 53

Materials and MEtNOUS ........ccuviiiiieii e e 55
EXPErimental DESIGN ......cecivieie et re e nne s 55
White Blood Cell ISOIAtioN ..........ccveiieieiieiiee e 56
DINA EXIFACTION....c.vitiiiiiiiiiieiieie ettt bbbttt n e 57
QUANTITALIVE PCR ...ttt esneenre e anes 57
StAtiStICAl ANAIYSES......ccveeieiieiee et 59

RESUITS ...ttt ettt s et et r b e ene e re e enes 59

DISCUSSION ..ttt b ek b e bbbt e st e s et et e st e b nbeebeebeeneeneenens 66

SUMMIBIY .t b et b e bt b e nneaneene e 71

CHAPTER V CONCLUSIONS ..ottt 72

Chapter 111 Evaluation of Lipopolysaccharide Induced Acute Inflammatory Stress

on Telomere Length in Brahman Heifers...........cccooveiveii i, 72

Chapter IV Comparison of Telomere Length in Age-Matched Primiparous and

Multiparous BraNman COWS...........cccviiiiiiiecie e 73

REFERENGCES ........coo ottt sttt te st stennaenaena e s e nnens 74
APPENDIX A WBC ISOLATION, DNA EXTRACTION, AND PCR
PROTOGCOLS. ...ttt ettt st e e et e stesneenaenaeneeneeneas 88

White BIo0od Cell ISOIAtION........ccoiiiiiiiieie e 88

[N N v 1= Tod 1 o PSSR 89

REAI-TIME PCR ...ttt sr e b s 89

Instructions for Buffers and Gel Electrophoresis...........ccoovveiiiiieie i 95
RBC BUTTEE ...ttt nre s 95
Gel EIECIIOPNOIESIS ...t 96



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

LIST OF FIGURES
Page

A schematic representation of a telomere in a T-loop configuration with a
displacement loop (Reprinted with permission from Spandidos Publications
Ltd; Gomez et al., 2012). .....ccveieiieie et 5

A schematic interpretation of telomeric binding proteins (Sheltrin Complex;
Reprinted with permission from Spandidos Publications Ltd; Gomez et al.,
2002). ettt ettt ettt eaeere et eens 6

A schematic representation of the cascade of organismal experiences and

their modes of action on telomere dynamics (Modified from Bateson,

2005). ettt bbbt es 28
Average vaginal temperature for LPS and control groups spanning 24 hr

with average hourly ambient temperature for dO...........ccccoeviiieiieie e, 37
Average vaginal temperature for LPS and control groups spanning 24 hr

with average hourly ambient temperature for d7..........cccooevveieicii e, 38
Average vaginal temperature for LPS and control groups spanning 24 hr

with average hourly ambient temperature for d14.........cccccoovvveiiiii e, 39
Average T/S ratio for LPS and Control groups by sample day. ........cc.ccccueuee. 42
Graphical representation of the logio transformed distribution of individuals

Dy treatment and Ay . ........cocvoiiiiiiee e 43
Individual T/S ratio of all heifers before onset of treatments (dO0). .................. 45

Figure 10. An example of a low LPS responding individual. The maximum

temperature did not exceed 39.5°C. .....cooviiieii i 48

Figure 11. An example of a medium LPS response heifer. The maximum temperature

exceeds 39.5°C but remains BEIOW 40°C. ......oooeeeeeeeeeeeeee e, 49

Figure 12. An example of a high LPS response heifer. The maximum temperature

EXCEREAS 40 C . ittt 50

Figure 13. Graphical representation of average T/S ratio between parity 1 and parity

e e 61

Xi



Figure 14. Graphical representation of T/S ratio for parity 1 and parity 2 pre-calving
AN POSE-CAIVING. ...t 62

Figure 15. Graphical representation of the logio transformed distribution of
individuals by parity and day. ... 63

Figure 16. Change in (log10(T/S ratio)) between d7 to d-28 by duration of labor and
PATTEY. ettt e bbbt 69

Figure 17. Change in (log10(T/S Ratio)) between d28 to d-28 by duration of labor
AN PAITLY. et 70

Xii



LIST OF TABLES

Page

Table 1 Heifer BW (kg) and BCS for each treatment and treatment day (MEAN %
SE). toereeeeteeeeeee et s et ettt ettt e ee e 31
Table 2. Pearson correlation for investigated fixed effects and treatment day. ............... 40
Table 3. Pearson correlations of investigated fixed effects and T/S ratio. ..............c....... 44
Table 4. Cow BW (kg) and BCS for parity and sample day (MEAN = SE)...........c........ 56
Table 5. Pearson correlations of investigated fixed effects and T/S ratio. ..............c........ 64
Table 6. Pearson correlations of investigated fixed effects and sample day. ................... 65

Xiii



CHAPTER |

INTRODUCTION

Cow longevity is considered by cow-calf producers to be one of the most
economically important traits. Longevity refers to the total duration of life; however,
when referencing beef cattle production, longevity refers to the total duration of the
productive segment of a cow’s life until she must be removed from the herd. However,
as with most species, increased age is linked to many degenerative diseases and
disorders which may be considered “aging.” Aging phenotypes in cattle such as
structural unsoundness, reproductive failure, or a general decline in productivity are
some of the most common culling criteria for today’s beef cattle producers. Ultimately, a
cow is expected to be culled when she is no longer profitable to the producer.

Finding a biological marker for productive longevity is an important topic in the
dairy industry and is becoming an important emergent concept in the beef industry.
Longevity is a difficult trait to quantify but it is believed to be influenced by genetic
factors which in turn may be influenced by environmental stress factors. Discerning
cattle longevity from closely related production traits that have been altered by
environmental influences such as nutritional mismanagement or poor production
practices makes finding a selection criterion for productive longevity difficult. Due to
this difficulty, many producers have adopted to culling cows at an arbitrary age based on
the probability that the next year that female will fail to raise a calf. One potential

biological marker for longevity is the length of telomeres (TL). Telomeres are a highly



plastic nucleic sequence responsible for protecting the ends of chromosomes during
DNA replication and are representative of an organism’s immune history and biological
age. The measurement of telomeres may be a useful tool in determining cow longevity.

A variety of stressors have been found to significantly impact TL. Environmental
stressors such as prenatal stress, perceived stress, and disease pressure as well as genetic
factors and congenital disorders are some of the most well documented influencers of
TL. Environmental stressors appear to impact cell proliferation and mechanisms of the
DNA replication process, when telomeres are most vulnerable to damage. The reduction
of TL is associated with acceleration of phenotypic aging and at critical telomere lengths
pathogenesis of disease. Prenatal, perceived stress, and disease stress are present in beef
cattle production in all segments from cow-calf production through the feedlot phase as
well as impacting breeding herd soundness.

At the inception of this project, there did not appear to be research involving TL
as a selection factor for beef cow longevity and there appears to be demand for further
investigation of telomere dynamics involving common production stressors. This thesis
project assessed the relationship of Exp. 1) acute inflammation on heifer TL over time
and Exp. 2) parity on cow TL. Use of an endotoxin mimicked an acute inflammatory
disease stress response in heifers. Number of parities, duration of labor, and raising a
calf represent an acute physiological and perceived stress. Results of this experiment
provide valuable information on longevity and health in cattle subjected to common

stressors found in modern beef cattle production.



CHAPTER II

LITERATURE REVIEW

Defining Telomeres

Upon the discovery of the DNA replication process, Russian biologist Alexey
Olovnikov and American molecular biologist James Watson individually identified what
was eventually coined as the “End Replication Problem” (Olovnikov, 1971; Watson,
1972). 1t was found that DNA replication is innately flawed due to the inability of the
final RNA primer on the 3’ lagging strand to be replaced with transcribed nucleotides by
DNA Polymerase 1. This results in the remaining Okazaki fragment to be cleaved and
ultimately leads to the net loss of DNA per replication cycle. Within the same decade, it
was noted by Leonard Hayflick, that cultured cells could only survive a limited number
of divisions, which became the Hayflick hypothesis of why physiological functions
breakdown as organisms age (Hayflick and Moorhead, 1961). Questions related to both
of these studies remained uncertain until the discovery of tandem, repetitive sequences at
the ends of the genome of Tetrahymena thermophila (Blackburn and Gall, 1978). The
Latin term “telomere” was used to describe these sequences, “telo” meaning “end” and
“mere” meaning “piece”. Blackburn further elucidated that telomere function was
transferrable between species (vertebrates found to contain 5 — TTAGGG — 3’) and
that an enzyme existed to mitigate base pair (bp) loss between replications, eventually
termed as “telomerase” (Szostak and Blackburn 1982; Greider and Blackburn, 1985,

1987, 1989). Initially, the focal point of telomere/telomerase research was the role of

3



telomerase activation in cancerous tumor cells until the observation of telomerase in
adult stem cells and germ cells (Mantell and Greider, 1994; Broccoli et al., 1995).
Telomeres and telomerase present in stem cell lines have allowed for the mechanisms of
aging to be increasingly better understood by the scientific community. The
establishment of telomeres as a possible quantifiable measurement of cellular aging has
popularized the study of telomere length in humans and became a topic of interest for
improving livestock efficiency.
Telomere Biology
Structure

The telomere sequence in eukaryotic organisms is canonically composed of short
G-rich sequences oriented toward the chromosome terminus (Teasley and Stewart,
2016). Telomeres in vertebrates are comprised of (5 — TTAGGG - 3°) sequences;
however, the sequence varies between invertebrates and plant species (McEachern et al.,
2000). Since all eukaryotic genomes are organized into linear chromosomes, these
tandem repeats act as the protective ends of chromosomes and maintain genetic integrity
during DNA replication as previously stated. Telomeres are predominantly comprised of
double stranded DNA (dsDNA) with a comparably short 3” single strand DNA (sSDNA)
overhang of the G-rich strand (Sfeir, 2012). These single strand overhangs allow
telomeres to form secondary telomeric loop structures (t-loops) by the invasion of the 3’
sSDNA into the dsDNA of the telomere, which in turn forms a small sSDNA

displacement loop (d-loop) (de Lang, 2004).



Figure 1. A schematic representation of a telomere in a T-loop configuration with a displacement
loop (Reprinted with permission from Spandidos Publications Ltd; Gomez et al., 2012).

Currently, the function of t-loops is the prevention of end-to-end chromosome
fusion but the mechanisms of this are poorly understood. Exposed ssDNA of the 3’
overhang as well as sSDNA of the G-strand may also form G-quadruplexes. The
phenomenon of telomeres to form G-quadruplexes results in the inhibition of both
semiconservative DNA replication and telomerase-mediated telomere lengthening
(Paechke et al., 2011). These secondary structures, while necessary for telomere
stability, pose a problem for the continuity of DNA replication and must be regulated by
alternate mechanisms within the cell.
Sheltrin Complex

A number of proteins are associated with telomeres that are crucial for correct
maintenance and function. Six telomere-specific proteins exist to form the Shelterin
Complex: TRF1 (telomeric repeat-binding factor 1), TRF2 (telomeric repeat-binding
factor 2), POT1 (protection of telomeres protein 1), Rapl (telomeric repeat-binding

factor 2-interacting protein 1), TPP1 (adrenocortical dysplasia protein homolog), and

5



TIN2 (TRF1-interacting factor 2) (de Lang, 2005). TRF1, TRF2, and POTL1 directly
interact with telomeric sequences to aid in replication fork progression by preventing the
DNA damage response (DDR) and the p53 apoptosis activation pathway as well as
preventing chromosome end-to-end fusion and mitigating telomere elongation by
competitively binding to telomerase binding sites (Sfeir, 2012; Longhese et al., 2012).
While RAP1, TPP1, and TIN2 cannot bind directly to telomeres, they still play an
important role in the Sheltrin Complex. Rapl acts with Potl to negatively regulate
telomere length, TIN2 functions as a bridging protein to connect TRF1 and TRF2, while
TPP1 aids in the recruitment of POT1 to the telomere due to a lack of binding affinity of
POT1 to ssDNA (Sfeir, 2012). Together these six proteins stabilize telomeres, regulate
telomerase activity, and most importantly prevent telomere ends from being recognized
as DNA double strand breaks leading to cell cycle arrest or DNA damage response

(DDR).

Figure 2. A schematic interpretation of telomeric binding proteins (Sheltrin Complex; Reprinted
with permission from Spandidos Publications Ltd; Gomez et al., 2012).



End Replication and Chromosomal Instability

Despite many mechanisms in place to aid in telomere stabilization, DNA
replication still poses a problem due to the “end replication problem.” Landsorp (2005)
estimated, utilizing several animal models, that approximately a 10 bp loss can be
attributed to incomplete DNA replication. However, other estimates have found
approximately 25-100 bp are lost from the 3’ ends of chromosomes after each DNA
replication cycle (Morrison et al., 1996). As previously discussed, telomeres protect the
coding segments of DNA found in the interior region of the chromosome from being
exposed or lost during cellular replication. In the absence of lengthening mechanisms,
critical telomere attrition activates p53/pRb-dependant apotosis and/or senescence
pathways (Frias et al., 2012). It is well-established that senescent cells secrete
inflammatory cytokines and have multiple roles in promoting degenerative diseases and
pathology (Campisi et al., 2011). Telomere length ultimately determines cells “Hayflick
Limit” or the total amount of divisions a cell can make within its lifetime before
achieving senescence (Hayflick, 1965). However, in some cases telomeres will continue
to degrade eventually exposing essential gene coding segments. Unprotected
chromosome caps lead to chromosome instability, fusion, and cell death often referred to
as telomere crisis (Blackburn, 2001; McEachern et al., 2000). Chromosome instability
and fusion associated with telomere crisis (end-to-end fusion between chromosomes
followed by breakage due to critically short telomeres or “breakage-fusion-bridge
cycle”) can produce oncogene amplification, tumor suppressor loss of function, and gene

fusions that can lead to rapid proliferation and tumorigenesis (Deng et al., 2008).



Telomere crisis is not common and multiple mechanisms exist that inhibit such extreme
conditions.

Telomeres play a vital role in maintaining genome stability and prevent the ends
of linear chromosomes from being recognized as double strand breaks (DSB). However,
the most important telomere function is its role as a tumor suppressive checkpoint and
the ability to trigger cellular replicative senescence (Sobinoff and Pickett, 2017).
Multiple mechanisms are responsible for these protective properties of telomeres. First,
the Sheltrin protein TRF2, prevents nonhomologous end joining as well as preventing
DNA damage signaling by initiating t-loop formation and inhibiting downstream DSB
signaling cascade (Doksani et al., 2013; Okamoto et al., 2013) The TPP1/POT1 complex
also prevents DNA damage signaling at the single strand 3’ telomeric overhang
(Zimmerman et al, 2014). It is important to note that telomere shortening beyond a
critical length results in the loss of TRF2 and protective t-loop formation. Deficiencies in
adequate telomere length or in sheltrin protein binding results in activation of the DNA
damage response. Telomere attrition DDR activates both the ATM an ATR kinase
checkpoints and ultimately activates p53 angiogenesis inhibition pathways (Deng et al.,
2012). Activation of p53 may diverge to entry into either cellular senescence or
apoptosis (Frias et al., 2012). Cells that escape these anti-proliferative mechanisms in the
presence of telomere dysfunction become the agents of many cancers. However, these
cells face one more checkpoint before entering oncogenesis. The telomere crisis
checkpoint is crucial for cells with continued proliferation in the presence of critically

short telomeres. This checkpoint functions because critically short telomeres are inclined



to fuse to other chromosome ends, causing aneuploidy and massive genome instability
which leads to death in the majority of cells (Deng et al., 2008). However, a small
percent of cells (approximately 15%) escape telomere crisis by means of alternative
lengthening mechanisms or reactivation of telomerase which will ultimately manifest
into premalignant cells (Gomez et al., 2012; Opresko and Shay, 2017).
Allostasis

Three endogenous factors most responsible for influencing TL and its attrition
are inflammation, oxidation, and glucocorticoid signaling. Physiological stress is well
established to have an integral part in altering the homeostasis of these factors. Allostasis
is the adaption of neural, neuroendocrine, and neuroendocrine immune mechanisms to a
stressful challenge in order to maintain stability through change (McEwen, 1998;
Valsamakis et al., 2018). Allostatic load, or the amount of stimulation caused by
stressors, is mediated by glucocorticoids generated by the hypothalamic-pituitary-
adrenal (HPA) axis and is functionally linked to the mechanisms regulating telomere
dynamics (Angelier et al., 2017; McEwen, 2013). Allostasis is an essential component
of maintaining homeostasis, however, frequent activation of allostatic systems or failure
to shut off allostatic systems after stress can lead to disease over time (McEwen, 1998).
Glucocorticoids are known to enhance portions of the innate and adaptive immune
response during short term stimulation, but pathological maintenance of elevated
glucocorticoid concentrations is associated with suppression innate and adaptive arms of
the immune system (Martin, 2009). Chronic inflammation associated with injury or

disease, is one of the main sources of glucocorticoid signaling and reactive oxygen



species (ROS) which have the ability to act directly on telomeres (Barnes et al., 2018).
Activation of immune cells by glucocorticoid signaling produces inflammatory
cytokines (IL-1, IL-2, IL-6, TNF-a, etc) and ROS (OH, Oz, and H203) in the event of
injury or disease. While the exact mechanism of ROS on telomeres is not definite, the
sensitivity of guanine nucleotides to oxidative stress is thought to be the main cause of
injury (Reichert and Stier, 2017). Barnes et al. (2018), theorized that oxidative stress
induces apoptosis/senescence of somatic cells and the corresponding tissues responds
with increased proliferation of surviving cells, which leads to the shortening of telomere
length. Repeated clonal expansion driven by antigenic stimulation makes peripheral
leukocytes an attractive cellular model for the effects of proliferation on telomere length.
This rapid proliferation associated with immune response is the basis of many aging and
disease epidemiological studies (Effros et al., 2005). However, a secondary theory more
relevant to tissues outside the immune system, suggests that ROS induces SSB in
telomeres directly, creating lesions and ultimately causing replication fork collapse and
loss of telomere sequences (von Zglinicki, 2002). This would agree with the propensity
of guanine to oxidize to 8-oxoguanine, a more sensitive purine that is the substrate for
hydantoin lesions on telomeric DNA (Fleming and Burrows, 2017; Luo et al., 2001).
Hydantoin lesions halt DNA polymerase 1 progression and if not excised are thought to
lead to telomere dysfunction (Barnes et al., 2018; Redrejo-Rodriguez et al., 2011).
Several studies have shown that chronic inflammation and oxidative stress are associated
with telomere length attenuation. Of these studies, pathogenesis of diabetes, arthritis,

cardiovascular atherosclerosis, ulcerative colitis, Barrett’s esophagus, hepatitis, asthma,
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chronic obstructive pulmonary disease and idiopathic pulmonary fibrosis, as well as
autoimmune disease resulted in shortening of telomeres in subjects (Aikata et al., 2000;
Armanios and Blackburn, 2012; Nzietchueng et al., 2011; Rey et al., 2017; Colmegna et
al., 2008). The correlation between chronic inflammation and reduced telomere length is
well established but less is known about acute inflammation. Kliment and Oury
hypothesize that effects of “sporadic disease” may be similar to the proliferation/ROS
theory of chronic inflammation. However, studies of acute psychological stress found
that increases in cortisol, oxidative stress markers, and changes in distribution of
immune cells actually upregulated immune function and telomerase activity (Dhabhar
and McEwen, 1998; Gidron et al., 2006). This upregulation of immune function during
acute stress shows mixed effects on TL and seems to be complex and highly variable on
individual immune response (Angelier et al., 2017; Epel et al., 2010). While many
factors contribute to telomere shortening, mechanisms exist to prevent loss of telomeres
and extend cellular longevity.
Replication and Length Maintenance

DNA replication is a necessary process to ensure genome continuity. Telomeres,
as a crucial part of the genome, must be maintained during replication. Telomeres may
be replicated primarily by two methods: semiconservative DNA replication or by the
actions of the ribonucleoprotein enzyme telomerase. While the primary methods of TL
conservation are listed above, other recombinatorial events during replication may result

in a net gain of TL or by a process known as alternative lengthening of telomeres (ALT)
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(Sobinoff and Pickett, 2017). Together these mechanisms result in telomere replication
and maintenance but under certain circumstances can produce telomere lengthening.
Semiconservative Telomere Replication

Replication of telomeres poses unique problems due to its composition and
location at the chromosome termini. The hallmark of telomeres is that they are
comprised of identical tandem G-rich sequences, which means they lack many of the
start and stop codons necessary for facilitating DNA replication. Due to this anomaly,
the presence of a sole replication fork at the origin of the telomeric sequences is
responsible for copying the entire length of the telomere (Gilson and Geli, 2007). If this
replication fork fails or stalls, telomere replication may be incomplete resulting in the net
loss of TL. Replication fork failure or collapse is likely due the difficulty of replication
of G-rich sequences compared to more variable genomic sequences (Cesare and
Karlseder, 2012). In conjunction with replication fork failure, the secondary structures
formed with telomeres, such as T-loops and G-quadruplexes, must be aligned into
dsDNA posing another challenge for successful DNA replication.

The compounded flaws of telomere replication require robust mechanisms to
prevent rapid shortening of TL. DNA replication and support proteins are recruited by
the sheltrin complex (Teasley and Stewart, 2016). Many of the sheltrin proteins
previously discussed aid in replication fork progression, stabilization, and alleviating
topological stress (Sfeir et al., 2009; Ye et al., 2010). However, proteins within the
sheltrin complex do not address the problem of telomere secondary structure. To resolve

this, RecQ helicases, BLM and WRN, are recruited to unwind G-quadruplexes (Teasley
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and Stewart, 2016). Despite many proteins in place to safeguard telomere replication,
fork stalling and breakdown still occur but additional mechanisms remain in place to
initiate fork restart. Few of these mechanisms are well documented and the complete
model for fork restart in telomere replication is not fully understood.
Telomerase

Telomeres themselves are maintained by the enzyme telomerase. Telomerase is a
ribonucleoprotein that acts as a reverse transcriptase to extend telomeric DNA during S
phase and into M phase of DNA replication (Diede and Gottschling, 1999; Marcand et
al., 2000). Telomerase is composed of a catalytic subunit, \TERT, and an RNA
component, hRT which acts as a template for the addition of the telomeric repeat (5°-
TTAAGGG-3’) to the 3” end of DNA (Gomez et al., 2012). Telomerase adds telomeric
sequence repeats to the telomere termini, thus lengthening the telomere and mitigating
the end replication problem. At the telomere termini, the process of telomere elongation
occurs in two steps. In step one, the 3” end of the telomere base pairs with the 5” region
of hTR and the hTERT active site uses the 3’ end of the telomere as a primer to reverse
transcribe a telomere repeat using hTR as a template; in the second step, hTR dissociates
from the telomeric DNA, translocates, and re-anneals. (Podlevsky and Chen, 2012;
Teasley and Steward, 2016). After telomerase has dissociated from the ssDNA template,
polymerase o synthesizes the complementary C-rich strand. As previously discussed,
many factors can influence the fluidity of telomere elongation. Sheltrin complex proteins
POT1-TPP1 complex together to aid in the facilitation of telomere primer binding to

telomerase but in some cases can also inhibit telomere binding; the binding of POT1 to
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sSDNA is believed to prevent telomerase primer binding (de Lang, 2005). Further
research is needed to elucidate the reasoning behind telomerase binding inhibition by
sheltrin proteins.

The activity level of telomerase is variable between species and within cell types.
In most vertebrates’, telomeres of somatic cells progressively shorten throughout their
lifespan due to absent or low telomerase activity while adult stem cells and germ cells
have elevated telomerase activity (Blackburn et al., 2015). Activated lymphocytes in
other vertebrate species, have detectable levels of telomerase activity and are commonly
used as a model for telomerase behavior (Goronzy et al., 2006). Lin et al., (2010) found
that B cells have the greatest level of telomerase activity while CD8 cells have the least
activity in-vivo. Heterogeneity of telomerase activity in different immune cells is
important to note because recruitment of immune cells differs between acute and chronic
stressors. Hematopoietic stem cells (HSC), found in the red bone marrow, have a high
level of telomerase activity (Elwood, 2004). Hematopoietic stem cells give rise to
myeloid and lymphoid cells which ultimately give rise to all white blood cells through
hematopoiesis. In a review of the mechanics of blood cell formation, Metcalf (1988)
states that approximately 10° cells are produced every hour making HSC’s highly
proliferative. It is important to note that TL in HSC’s is a reflection of progenitor cell
reserves, and shortened TL in these cells is indicative of diminished reparative capacity
(Aviv, 2012). Considering that peripheral leukocytes are produced by HSC for
maintenance and during antigenic stimulation of the immune system, it can be assumed

that these leukocytes will represent the telomeric status of the HSC themselves.
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Progressive shortening of mean TL associated with aging can be observed in peripheral
blood mononuclear cells (Iwama et al., 1998) and are representative of biological aging
(Entringer et al., 2012b). Telomere erosion can be described as a “mitotic clock” with
TL reflecting the replicative history of divisions within individual cells.

Telomerase activity is highly interactive and dependent on multiple exogenous
and endogenous factors. T-lymphocytes can up-regulate telomerase activity upon
activation by antigens (Weng et al., 1997); however, prolonged activation ultimately
leads to loss of telomerase activity and telomeric cellular senescence (Choi et al., 2008).
Recent studies have found that telomerase activity is down regulated in peripheral blood
leukocytes in mothers undergoing chronic emotional stress (Epel et al., 2004) as well as
long term caregivers of patients with Alzheimer’s disease (Damjanovic et al., 2007).
Choi et al. (2008) found that T lymphocytes had reduced telomerase activity when
exposed to cortisol and that CD4 and CD8 subsets had reduced levels of the transcript
for nTERT. The catalytic subunit of telomerase is hnTERT and without adequate
transcription, telomerase cannot catalyze the addition of the telomere sequence during
DNA replication. Not only does cortisol have an inhibitory effect on telomerase but
long-term antigenic stimulation of CD8+ T cells has a similar response. Akbar and
Vukmanovic-Stejic (2007) found that virus specific CD8+ T cells initially have high
telomerase activity, but after a year of exposure to viral infection, telomerase activity
was un-detectable, and subjects had reduced TL. An in-vivo study of human CD8+ T
cell subsets by Effros et al. (2005) found similar telomerase behavior in CD8+ T cells

given 3 antigenic stimulations; initial stimulation yielded an increase in telomerase
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activity; however, the 3™ stimulation resulted in undetectable telomerase activity and
attenuated TL. This models the theory of chronic glucocorticoid exposure on reduced
telomerase activity and reduced TL but acute exposure may result in increased
lymphocyte telomere length.

Effects of cortisol and antigenic stimulation are not the only endogenous factors
influencing telomerase activity. Estradiol and tumor necrosis factor-a have been found to
enhance telomerase activity in human T lymphocytes, while interferon alpha and
transforming growth factor-f3 have opposite effects (Effros et al., 2005). Estrogen is
known to have antioxidant properties and can directly and indirectly activate telomerase
through the hTERT promoter (Kyo et al., 1999). Telomerase activity is a highly plastic
mechanism and shows up-regulation and down-regulation depending on the category
and duration of the stressor. In addition to telomerase, telomeres may be extended by
“Alternative Lengthening of Telomeres” (ALT) which refers to homologous
recombination events that result in a net gain of TL (Sobinoff and Pickett, 2017).
Telomerase and ALT exist to help mitigate changes in TL but seem to be highly
interactive with biotic and abiotic factors.

Plasticity

Telomeres naturally shorten with normal cellular replication, but this process is
interactive and can be greatly influenced by outside stressors. Shalev et al. (2013)
describe biological/cellular aging to be a progression of prenatal adversity, childhood
trauma, adult mental disorders, and age-related disease which may all be influenced by

healthy lifestyle factors. Telomere dynamics can be described as highly plastic and while
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TL shortens with the natural progression of time, the abiotic and biotic events present in
an organism’s lifetime ultimately determine the rate of attenuation and aging.
Prenatal Stress and Early Adversity

Telomeres can be impacted as early as in fetal life. Prenatal stress from disease
as well as physiological stress in the mother has been shown to alter fetal TL (Entringer
et al., 2011). Shalev et al (2013) found that conditions during embryonic, fetal, and early
postnatal periods of life can interact with the genome of an individual. Entringer et al.
(2013, 2012a, 2012b) observed this phenomenon in infants born to mothers with
diabetes and preeclampsia as well as mothers who experienced severe psychological
stress during pregnancy. Entringer et al. (2011) estimated that infants born to mothers
experiencing severe psychological stress had an estimated 3.5 years of additional
biological aging. This may be explained by the elevated cortisol concentrations in the
mother being passed to the fetus via the maternal blood supply. Cortisol is known to
decrease the actions of telomerase in stem cells as described previously (Podlevsky and
Chen, 2012). Despite the relationship between cortisol and telomerase, it is well
established that cortisol is inactivated by 11B-hydroxysteroid dehydrogenase (113HSD)
to cortisone and acts as a placental “barrier” to glucocorticoids. In an in-vitro study, it
was observed that 85% of administered cortisol was converted to cortisone by action of
11BHSD in placental tissues (Murphy et al., 1974). However, the fetus is still exposed to
15% of maternal cortisol which may alter the fetal telomere biology. Additionally,
decreased placental 11BHSD has been correlated to intrauterine growth restriction

(TJUGR) and the fetal programming of adult diseases (McMullen et al., 2004). Mulligan
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et al. (2012) states that fetal tissues are especially sensitive to the intrauterine
environment which ultimately determines fetal phenotype.

Telomere length has also been found to be moderately-highly heritable in
humans (estimated range 34 - 82%) (Shalev et al., 2013). In an interesting study utilizing
Great Reed Warblers, it was found that age of the dam was positively related to
offspring TL but offspring TL was not related to paternal age (Ashgar et al., 2015b).
This was an interesting contrast to other species including humans that showed offspring
TL was positively correlated to paternal age at conception and not maternal age (Njajou
et al., 2007). Mangino et al. (2012) notes that although TL has a relatively high
heritability, the known genetic variants (GWAS and candidate gene approaches) account
for only a small proportion of the variance in TL. Newborn TL is complex and easily
influenced by intrauterine conditions and early life experiences.

Stress during post-natal life has the potential to alter an individual’s longevity
and health into adulthood. Reduced TL was found in children exposed to institutional
care (Drury et al., 2011), emotional/physical/sexual abuse (Tyrka et al., 2010; Glass et
al., 2010; Kiecolt-Glaser et al., 2011; O’Donovan et al., 2011; Shalev, 2012), and
adverse social environments (Kananen et al., 2010). The biological effects on TL of
childhood adversity have been well documented. In a study of 4,000 middle aged
women, Surtees et al. (2011) found that the more categories of childhood adversity
(physical abuse, paternal divorce, unemployment, or drug use) a woman experienced, the
shorter her telomeres were later in life. Beyond childhood adversity, telomeres are

subjected to stress factors related to traumatic life events and disease.
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Aging and Disease

A general trend has been observed in vertebrate telomere dynamics with aging.
Specifically, during the early growth and development phase, telomeres undergo a rapid
attrition followed by a general slow decline through adulthood (Foote et al., 2010;
Pauliny et al., 2012; Rattiste et al., 2015). This is supported by the rapid proliferation of
cells and tissues associated with growth and development as well as the metabolic
modification to support such increases resulting in the production of ROS (Angelier et
al., 2017; Smith et al., 2016). The sensitivity of TL during developmental stages could
ultimately determine survival probability and lifespan into adulthood. Gradual telomere
shortening through adulthood is often the cause of many age-related phenotypes and can
be accelerated by chronic stress. The concept of short telomeres determining morbidity
and mortality is best supported by the existence of telomeropathies or single mutations in
telomere regulatory proteins (TERT, TERC, TINF2, WRAP53, CTC1, DKC1, NHP2,
and NOP10) that result in critically short telomeres and clinically manifest themselves as
fatal genetic diseases such as idiopathic pulmonary fibrosis and dyskeratosis congenita
(Nelson and Bertuch, 2012; Alder et al., 2008; Wegman-Ostroksy and Savage, 2017).
Adult-onset disease is created by a combination of factors, but the general concept is that
after prolonged exposure to oxidative stress and inflammation, cells will develop short
telomeres that trigger senescence and ultimately alter the cytokine profile of the cell to
produce more pro-inflammatory cytokines (Aviv and Shay, 2018). This process can be
hastened by the presence of immune related disease. Patients with auto-immune disease

such as rheumatoid arthritis (RA) and diabetes mellitus have been found to have
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shortened TL in leukocytes compared to healthy controls (Koetz et al., 2000; Testa et al.,
2011). Rheumatoid arthritis is a chronic inflammatory disease often used in TL studies
due to the increased proliferation of immune cells at the sites of inflammation. A study
of hematopoietic progenitor cells (HPC) in rheumatoid arthritis patients found that
CD34+ HPC were shortened by 1,600 bp compared to controls (Colmegna et al., 2008).
This may be explained by a study conducted by Fuijii et al. (2009) that observed naive
CD4 T cells of RA were defective in up-regulating telomerase activity. Reduced TL in
rheumatoid arthritis patients is speculated to be the result of this telomerase regulation
defect.

Another causal agent for telomere attrition is acquired disease; either viral or
bacterial. When the immune system encounters an antigen, it undergoes clonal
expansion or a rapid proliferation in preparation to clear the system of the offending
foreign substance. This has been most studied in T lymphocytes as they have the ability
to respond to a broad range of antigens either directly or through antigen presenting
cells. Many studies have observed T cell telomere dynamics in-vitro and in-vivo.
Chronic viral infections such as Human Immunodeficiency Virus, Epstein-Barr Virus,
and cytomegalovirus have been used to observe reduced TL and diminished replicative
capacity in antigen specific T cells (Van et al., 2008). In animal models it has been
observed that repeated exposure to bacteria was associated with rapid telomere attrition
in mice and that chronic infection of malaria was also linked to reduced TL in avian

species (limonen et al., 2008; Asghar et al., 2015a).
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Mood, Behavior, and Mental IlIness

Mental illness has also been correlated with telomere attenuation. Individuals
with mood disorders have been found to have shortened TL (Simon et al., 2006) as well
as an increase in morbidity and mortality due to age-related disease (Kupfer, 2005).
Medical illnesses associated with mood disorders include cardiovascular disease, stroke,
dementia, cancer, obesity, type Il diabetes mellitus, and osteoporosis (Evens et al.,
2005). Reduced TL has been observed in a variety of other mental health disorders
including bipolar disorder and schizophrenia (Price et al, 2013). Simon et al. (2006)
speculates that reduced TL from chronic mental illness may be an explanation for the
increase in age-related disease in patients with diagnosed mood disorders. Progression of
age and acquisition of disease are the biotic elements of telomere plasticity of abiotic
elements which have a well-documented impact on telomere dynamics.
Perceived and Environmental Stress

Chronic perceived stress has been linked to poor health and reduced TL but the
dynamics behind stress response can be described as “dose-dependent” and variable
when compounded with lifestyle choices. Examples of perceived stress resulting in
reducing TL include individuals who recently experienced interpersonal violence, rape,
lower socioeconomic status, and stress of caregiving (Epel et al., 2006; Price et al., 2013;
Mathur et al., 2016; Lin et al., 2012). Results from a meta-analysis of 22 current
perceived stress studies found that there was a statistically significant reduction of TL in
subjects involved in perceived stress such as post-traumatic stress disorder, cancer

survival, caregiving, abuse, cardiovascular disease, childhood adversity, and chronic
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pain (Mathur et al., 2016). Perceived stress has been modeled in avian species and
reduced telomere length was found after a perceived stress challenge as well as chronic
glucocorticoid exposure (Haussmann and Heidinger, 2015). In-vitro work has also
shown that high concentrations of glucocorticoids dampen telomerase activity in T
lymphocytes and in-vivo work in humans shows that shorter telomeres are associated
with greater cortisol reactivity (Choi et al., 2008; Gotlib et al., 2015). This was best
demonstrated by Epel et al., (2004) in a study of caregiving mothers of healthy and ill
children, that found mothers of ill children had higher urinary cortisol concentrations,
lower telomerase reactivity, and shorter TL compared to mothers of healthy children.
Shalev et al., (2013) theorizes that overall stress induced secretion of glucocorticoids
such as cortisol may down-regulate telomerase and increase oxidative stress which will
indirectly and directly lead to erosion of telomeres. However, in times of acute perceived
stress, increased cortisol has been shown to up-regulate telomerase activity in elderly
women (Epel et al., 2010). Dynamics of acute and chronic stress are best observed in
patients with major depressive disorder and other psychiatric disorders. In a review of 10
major depressive disorder studies, significantly shortened leukocyte TL was found in
patients with chronic, severe depression compared to shorter periods of depression
(Shalev et al., 2013). However, compounding adverse life events seems to also impact
the degree of TL attrition. In studies of anxiety disorders, individuals suffering from
post-traumatic stress disorder showed significantly shorter TL than controls, but this
result seemed to be largely related to the presence of adverse childhood events (Kim et

al., 2017). This demonstrates the dose-dependent manner of perceived stress on
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telomerase and TL. It is clear that environmental stressors and life events ultimately aid
in the degree of biological aging an individual undergoes through life.
Reproduction

Female reproduction is one of nature’s most complex physiological processes
and is tightly linked to telomere dynamics through glucocorticoid signaling and the
psychological stress of parental effort. Cross talk between the hypothalamic-pituitary-
adrenal axis, HPA axis, and fetal/placental signals during pregnancy form a very
intricate system for maintaining homeostasis of not only the mother but the fetus as well.
It is important to note that pregnancy is a period of hypercortisolism in the mother and
that placenta-derived corticotropin releasing hormone (CRH) increases through
pregnancy driving the release of cortisol via the maternal HPA axis (Valsamakis et al.,
2018; Magiakou et al., 1996). The altered glucocorticoid profile of pregnancy is most
likely the cause of telomere shortening with parity by means of reduced telomerase
activity. Interestingly, estrogen is known to up-regulate telomerase activity by binding to
the promoter region of hTERT (Kyo et al., 1999). However, during gestation estrogen is
suppressed to allow for the dominance of progesterone for the maintenance of
pregnancy. This may also be a factor in telomere homeostasis during reproduction.
Parity has been associated with reduced telomere length in women and that parous
women had 4.2% less telomere sequences (116 fewer base pairs) than nulliparous
women (Pollack et al., 2018). However, other studies have found that women with more
surviving children were associated with longer telomeres (Barha et al., 2016). This is

theorized to be the result of increased lifetime estradiol exposure and improved social
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factors associated with increased reproductive effort (Barha et al., 2016). Interesting, it is
very well established by Epel et al. (2004, 2010) that caregiving stress results in reduced
TL. A variety of animal models have found telomere length to be negatively associated
with reproductive effort (Kotrschal et al., 2007; Plot et al., 2012, Bauch et al., 2013;
Reichert et al., 2014; Sudyka et al., 2014). Within these studies, it was also observed that
reproductive effort was positively associated with elevated glucocorticoid concentrations
(Bonier et al., 2011; Love et al., 2014; Sudyka et al., 2014; Reichert et al., 2014). As
previously stated, parental effort is perceived stress and necessary for the survival of
offspring in most species. Here, glucocorticoid signaling plays another important role in
the degree of parental effort. An intense glucocorticoid stress response has been
associated with a reduction in parental effort while a weak stress response has been
associated with increased parental effort (Wingfield and Sapolsky, 2003; Lendvai et al.,
2007; Krause et al., 2016). As previously stated, reduced TL is associated with increased
stress reactivity and this suggests that TL may be linked to parental fitness. A variety of
stressors have the potential to reduce an individual’s health and longevity; however,
there is minimal research to explore this concept in production animals such as beef
cattle.
Telomeres in Cattle

The desire for a biological marker of longevity, specifically productive longevity,
is growing in the livestock industry as well as a marker for health and animal welfare.
While TL has been studied in humans and murine species since the early 1990’s, the use

of TL as a potential marker for livestock welfare, health, and longevity has recently
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become a topic of interest in the last seven years (Bateson, 2015; Brown et al., 2012;
Fairlie et al., 2016, Laubenthal et al., 2016, Yamada et al., 2015). Selection of livestock
that stay productive longer is a logical method for reducing the number of animals in
production by reducing the need for replacement females, minimizing waste, decreasing
greenhouse gas emissions and the cost of farming (Garnsworthy, 2004). Considering the
world population is predicted to reach at least 9.9 billion people by the year 2050
(Population Reference Bureau, 2018), the need to increase the efficiency by which
animal protein is produced is critical.

Telomere sequences were first discovered on bovine chromosomes within
blastocyte embryos in 1999 during the rise of popularity in the cloning of livestock
(Betts and King, 1999). The presence of telomerase was also detected in bovine morula
and blastocytes and gave the livestock cloning movement a greater understanding of the
implications of aged telomeres in somatic cell nuclear transfer and the possible
mitigation by telomerase during embryogenesis (Betts and King, 1999; Xu and Yang,
2003). Currently, TL research in cattle has been centered around survival and
productivity in dairy breeds. The initial use of TL measurements in Holstein cattle was
to quantify the effects of management practices and stress on cow physiology due to the
confounding factors associated with cortisol measurements in other stress/physiology
studies. Specifically, Brown et al. (2012) found that cows with above average quantity of
leukocyte telomere (qT) were less likely to be culled than cows with below average qT
and found a negative association between T and age. This suggests that cattle with

longer TL may be productive longer and live to older ages. Investigation of metabolic
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tissue TL within the liver, subcutaneous adipose tissue, mammary gland, and leukocytes
found that mammary tissue and peripheral leukocytes had decreased TL between early
and late lactation (Laubenthal et al., 2016). These results would be in line with the high
proliferation rate of mammary tissue during mammogenesis and leukocytes post-partum
reducing TL due to replicative loss but could also be related to telomerase inhibitors
such as cortisol. This suggests that the telomere dynamics of cattle are similar to that of
previously studied mammalian vertebrates such as humans. Reproductive effort has been
linked to telomere attrition due to elevated levels of glucocorticoids during pregnancy
and parturition (Angelier et al., 2017) Since cows are expected to raise a calf every year,
reproductive and parental effort could be a large contributor in cattle telomere dynamics.
A recent longitudinal study of TL in dairy cattle found heritability estimates of 0.36-0.47
(SE=0.05-0.08) and that individual differences of TL were not correlated with
productive lifespan (Seeker et al., 2018a). This is in disagreement with the results found
by Brown et al. (2012) that individual TL determined culling status and survivability.
The inclusion of geriatric cattle, or cattle greater than 6 years of age as defined by Seeker
at el., (2018), could explain why a linear relationship between TL and culling
status/survivability was seen. There is now strong evidence that TL and telomere
dynamics are tightly linked to fitness, longevity, and survival in multiple vertebrate
models (Angelier et al., 2017). Heritability of TL makes it an appealing selection
criterion for dairy cattle but the inconclusive findings of TL as a measurement of
productive lifespan leaves room for further studies. Currently, there has been no

investigation on the reproducibility of these studies in beef breeds of cattle. The
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mechanisms behind bovine telomere dynamics between birth and culling (or survival)

remain a topic of exploration.
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Figure 3. A schematic representation of the cascade of organismal experiences and their modes of action on telomere dynamics
(Modified from Bateson, 2015).
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CHAPTER IlI
EVALUATION OF LIPOPOLYSACCHARIDE INDUCED ACUTE

INFLAMMATORY STRESS ON TELOMERE LENGTH IN BRAHMAN HEIFERS

Introduction

Telomeres (5 — TTAGGG — 3°) are tandem, non-coding DNA sequences
oriented toward chromosome termini (Blackburn and Gall, 1978). In many vertebrates,
these sequences play a crucial role in maintaining chromosome stability during DNA
replication (Blackburn, 2005). Telomeres are lost slowly over time due to the “end
replication problem”; however, this is mitigated by the ribonucleoprotein enzyme
telomerase (Greider and Blackburn, 1989). Despite lengthening mechanisms, the gradual
shortening of telomeres has been associated with increased mortality and the occurrence
of multiple age-related disease in humans (Cawthon, 2003; Landsorp, 2009). These
results lead to the theory that TL would be a reliable proxy for age or “mitotic clock”,
however, the relationship between aging and TL has proven to be more complex
(Haussmann and Vleck, 2002; Angelier et al., 2017). This complexity can be largely
attributed to the high plasticity of TL and telomerase behavior when exposed to
environmental stressors and the resulting cascade of glucocorticoid signaling (Angelier
etal., 2017). There is now strong evidence that telomere length and dynamics are tightly
linked to fitness, longevity, and survival in captive and wild vertebrates (Haussmann and
Marchetto, 2010; Haussmann and Heidinger, 2015; Asghar et al., 2015; Fairlie et al.,

2016; Brown et al., 2012; Seeker et al., 2018a; Seeker et al., 2018b). Telomeres are
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considered to be not only a molecular marker of biological age but also representative of
the “wear and tear” of organismal experiences and may be an important tool to assess the
influence of life-history events and environmental conditions in wild and domestic
vertebrates (Anglier et al., 2017; Bateson, 2015).

Animal welfare is assumed to be influenced by the cumulative effects of the
positive and negative events experienced by an individual (Mendl et al., 2010).
Currently, leukocyte TL is the gold standard for assessing disease stress resulting in
chronic inflammation due to rapid leukocyte turn-over (Bateson, 2015). Many human
and non-human vertebrate studies have found significant telomere shortening in
circulating leukocytes with chronic inflammation (Koetz et al., 2000; Testa et al., 2011;
Colmegna et al., 2008; Fuijii et al., 2009; Hau et al., 2015). However, little research has
been done to asses TL following acute inflammatory events.

Materials and Methods

Animal procedures for this project were approved by the Texas A&M AgriLife
Research Agricultural Animal Care and Use Committee (2017-037A). Animal
procedures were carried out at the Texas A&M AgriLife Research and Extension Center
located in Overton, TX. Twelve 20-21 mo old Brahman heifers were utilized for this
project.

Experimental Design

Brahman (Bos indicus) heifers were grouped into either lipopolysaccharide (LPS)

(n =6) or control (n =5) groups based on birthdate, temperament score, and sire. All

heifers were fitted with a self-contained, indwelling vaginal temperature probe 7 d
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before experimental treatments began (Burdick et al., 2011). At the onset of the trial
heifers were approximately 640.6 + 4.46 days of age. From February 16" to March 9" of
2018, heifers were kept on pastures consisting of ‘Coastal” bermudagrass (Cynodon
dactylon) overseeded with ‘Maton’ rye (Secale cereale L.) and ‘Nelson’ ryegrass
(Lolium multiflorum Lam.). In addition to pasture and free choice Coastal bermudagrass
hay, heifers were fed approximately 3.6 kg of a 3:1 corn:corn gluten grain mix per head
per day.

Table 1 Heifer BW (kg) and BCS for each treatment and treatment day (MEAN =
SE).

Treatment Day

Treatment do d7 d14 d21
BW (kg) LPS 327+ 13 305+9 33116 329+ 15
Control 324 +£8 299 £ 10 319+9 327+10
BCS LPS 592+026 592+0.22 592+0.17 5.92+0.22

Control 55+0.14 558+0.09 567+0.12 6+0.20

On d 0 (February 16'™) LPS treatment heifers were administered 0.25 pg/kg of
lipopolysaccharide (LPS; Sigma Chem etc; O111:B4), from Escherichia coli,
subcutaneously in the neck after having approximately 20 ml of blood drawn by jugular
venipuncture. Increasing doses of LPS were utilized on d 7 (0.5 pg/kg; February 23)
and d 14 (0.75 pg/kg; March 2"%). Control heifers were bled to an equal amount and

administered physiological saline at the same dosage and injection method ond 0, d 7,
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and d 14. Heifers were observed for sickness behavior scores after injection every 30
min for 2 hrs and every hr for an additional 10 hrs. On d 21 (March 9"), no treatments
were administered, and blood was drawn. On all treatment and sampling days, d 0 - d 21,
heifers were weighed and had BCS recorded and an additional 5 ml of blood was
collected and sent to the Texas A&M Veterinary Medical Diagnostic Laboratory for
complete blood counts prior to treatments. Evaluation of BCS (1 — 9 scale) was done by
a trained professional with over 40 years of experience. Ambient temperature was
recorded continuously for the duration of the trial.
White Blood Cell Isolation

Whole blood was centrifuged at 2,675 RCF (relative centrifugal force) for 30
minutes at 5°C. After centrifuging, the white blood cell (WBC) layer located between the
red blood cell (RBC) and serum interface, was aspirated with a 1,000 pl pipette and
transferred into a 1.5 ml storage tube. The WBC were then cleaned of any remaining
RBC and serum utilizing an RBC lysis buffer containing EDTA and water. The WBC
were mixed with the RBC lysis buffer for 5 minutes and microfuged for 5 minutes at
5,000 RCF. The remaining RBC, serum, and RBC lysis buffer was aspirated from the
top of the WBC pellet. The WBC pellet was then stored at -80°C.
DNA Extraction

Extraction of DNA was performed utilizing spin column GeneJET Genomic
DNA Purification Kits (Thermo Scientific; Waltham, MA, USA). However, prior to
extraction, frozen WBC were crushed with liquid nitrogen utilizing a mortar and pestle

and weighed to approximately 20 mg to accommodate the purification kits. Remaining
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crushed WBC were returned to -80°C storage. Quality control of extracted DNA was
conducted at the Texas A&M University Institute for Genome Sciences and Society
Genomics Core lab and criteria were as follows: yield > 20 ng/ul, integrity score < 3,
260/280 > 1.7 and 260/230 > 1.8 (as outlined in Seeker et al., 2016). DNA that passed
quality control was aliquoted and diluted to 10 ng/ul utilizing nuclease free water into
low-binding tubes and stored at -80°C.
Quantitative PCR

Quantity of telomere (qT) sequences was determined utilizing real-time
quantitative PCR methods utilizing the ratio of telomere to f-2-globulin (B2G) genes.
Custom primers for amplifying bovine telomere sequences (telg = 5’-aca cta agg ttt ggg
ttt ggg ttt ggg ttt ggg tta gtgt - 3°, and telc = 5°- tgt tag gta tcc cta tcc cta tcc cta tece cta
tcc cta aca - 3°) and the (B2G) gene (B-1 = 5’- cgg cgg cgg gcg gcg cgg gct ggg cgg gaa
ggc cca tgg caa gaa gg - 3°), and -2 = 5°- gcc ggc ccg ccg cgce ccg tec cge cgce teca cte
agc gca gca aagg - 3°) (defined by Brown et al., 2012 and Cawthon et al., 2009) were
designed and purchased from Integrative DNA Technologies (IDT; Coralville, IA,
USA). The bovine B-2-globulin gene was selected as a relatively constant housekeeping
gene that operates as a control gene for determining relative T (Brown et al., 2012).
The master mix for the telomere and B2G reaction contained 10 pl 2X PowerUp SYBR
Green Master Mix (Applied Biosystems; Foster City, CA, USA), 1 ul of bovine telomere
primers (forward and reverse, each to 500 nmol final concentration), 0.6 pl of B2G
primers (forward and reverse, each 300 nmol final concentration), and 4.8 ul nuclease

free water. Master mix was loaded prior to 20 ng/pl of DNA. Standard double-stranded
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DNA oligonucleotides of bovine telomere (sense 5’-tta ggg tta ggg tta ggg tta ggg tta
ggg tta ggg tta ggg tta ggg tta ggg tta ggg tta ggg tta ggg tta ggg tta ggg - 3’; antisense
5’- ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa
ccc taa ccc taa - 3°) and B2G (sense 5°- ggt gaa ggc cca tgg caa gaa ggt gct aga ttc ctt tag
taa tgg cat gaa gca tct cga tga cct caa ggg cac ctt tgc get gag tga gct g - 3°; antisense 5°-
cag ctc act cag cgc agc aaa ggt gec ctt gag gtc atc gag atg ctt cat gcc att act aaa gga atc
tag cac ctt ctt gcc atg ggc ctt cac ¢ - 3”) were designed and purchased from IDT. A six-
step, 1:10 serial dilutions of bovine telomere oligo (10*2- 107) and bovine B2G oligo
(10° - 10%) were used to create standard curves and were generated immediately prior to
loading. Samples were randomly allocated on a 384-well qPCR plate and amplified in
triplicate, 20 L reactions. A negative control containing water in place of DNA was
included to monitor for contamination of the master mix. A real-time system
thermocyler (BioRad; Hercules, CA, USA) was programmed with multiplex settings
defined by Brown et al. (2012). Cycle threshold (Cq) value triplicates were checked for
consistency. Triplicates were included if the cycle difference was less than 0.3 cycles.
Single replicates with differences larger than 0.3 cycles were removed if an obvious
outlier could be identified, and the remaining wells were included. Samples with
remaining wells with differences larger than 0.3 cycles were excluded from analysis.
Starting quantities (SQ) were averaged for samples with adequate Cq replicate
differences. Copy number of telomere sequence (5’ — TTAGGG - 3°) and B2G gene was
represented by SQ and a ratio of telomere SQ and B2G SQ was utilized to determine T/S

ratio.
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Statistical Analyses

Statistical Analyses were conducted using mixed linear models with the MIX
procedure of SAS 9.4 (SAS Inst., Inc., Cary, NC, USA). All T/S ratio measurements
were logio transformed in an attempt to normalize distribution. Treatment (LPS
challenged or control) was the fixed effect of interest. Other investigated fixed effects
included treatment day, birthdate and their interactions as well as BW and BCS. Random
effects included sire and day of record as a repeated measurement on heifers. Pearson
correlation coefficients were calculated using the CORR procedures of SAS and tested
for T/S ratio with these measured traits for these heifers: neutrophil and lymphocyte
counts and their ratio, monocyte counts, and total white blood cell counts.
Results

Vaginal temperature data and measurements of clinical symptoms were analyzed
independently of T/S ratio. Three criteria were utilized to evaluate vaginal temperature:
maximum temperature (MaxTemp, °C), time to maximum temperature (TmaxTemp,
min), and change in temperature (ATemp, ‘C). Treatment was a significant predictor of
an increase in MaxTemp (P = 0.04), decrease in TmaxTemp (P < 0.0001), and increase
in ATemp (P <0.0001) (Fig. 7,8, and 9). Treatment day was significant for MaxTemp (P
=0.04) and TmaxTemp (P = 0.04) but not ATemp (P = 0.74). Differences for MaxTemp
were seen between 0.25 pug/kg BW and 0.50 pg/kg BW (P = 0.01) as well as 0.50 pg/kg
BW and 0.75 pg/kg BW for TmaxTemp (P = 0.01). No treatment-dose interactions were
detected for MaxTemp (P = 0.51), TMaxTemp (P = 0.18), and ATemp (P = 0.38). No

SBS were observed. No differences in BW (P = 0.37) and BCS (P = 0.18) score were
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detected by day. No differences in CBC were detected for treatment or treatment dose
interactions. However, treatment day was a significant predictor of neutrophil count (P =
0.007) and neutrophil to lymphocyte ratio (N:L ratio) (P = 0.01). However, when
analyzed using CORR procedures, the differences in neutrophil count and N:L ratio were

not significant (Table 1). Treatment day did not affect CBC measurements (Table 2).
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Table 2. Pearson correlation for investigated fixed effects and treatment day.

Treatment Day

Covariate Correlation Coefficient Prob > |r| OT)lslemr:r)Z:i(?is
Neutrophil Count 0.13479 0.383 44
Lymphocyte Count 0.00361 0.9815 44
N:L Ratio 0.14141 0.3599 44
Monocyte Count -0.12278 0.4328 43
Total WBC 0.04021 0.7955 44
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Eleven heifers were included in T/S ratio analysis. One heifer was excluded due
to injury during data collection. Two samples were excluded due to failure to meet Cq
replicate criteria. No differences were seen in T/S ratio by treatment (Fig. 4) (P = 0.35),
day (P = 0.73), or the interaction between treatment and day (Fig. 4 and 5) (P = 0.94). A
trend was observed for heifer T/S ratio by birthdate (Fig. 6) (P = 0.07) where older
heifers tended to have approximately 36.81 + 17.66 more telomere sequences. No
differences in BW (P = 0.30) and BCS (P = 0.32) score were detected by T/S ratio. No
relationship was detected for T/S ratio or treatment day with any other investigated fixed

effects of these heifers (Tables 1 and 2).
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Table 3. Pearson correlations of investigated fixed effects and T/S ratio.

T/S Ratio

Covariate Coeticent POb> I Opservations

d0 Temperament Score 0.08032 0.6131 42

Neutrophil Count -0.01708 0.9145 42

Lymphocyte Count 0.20159 0.2005 42

N:L Ratio -0.0437 0.7835 42

Monocyte Count -0.00033 0.9984 41

Total WBC 0.03387 0.8314 42
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Discussion

Telomeres are highly influenced by chronic inflammation and have been found to
shorten in the presence of chronic inflammatory disease. The lack of a relationship
between treatments and T/S ratio was unexpected but upon further investigation into
LPS responses in cattle, it is explicable. It is well established that susceptibility to LPS
administration shows significantly interindividual variation for all clinical,
hematological, and blood biochemical responses in intravenously injected cattle
(Jacobsen et al., 2005). However, in this experiment LPS was injected subcutaneously to
elicit a low-level inflammatory event. The expected increased proliferation of WBC
following LPS administration may not have occurred in low LPS response individuals.
This was supported by the finding of Jacobsen et al. (2005) that more than half of the
statistical variation in WBC counts could be attributed to the individual. However, it is
impossible to know the dynamics of WBC proliferation in this experiment due to blood
sampling occurring 7 days post LPS administration, which missed the innate immune
response window. Vaginal temperature did show dramatic differences in LPS response
and heifers could be graphically grouped into low (maximum temperature remains <
39.5°C, Fig. 10), medium (maximum temperature is > 39.5°C but < 40°C, Fig. 11), and
high responders (maximum temperature is > 40°C, Fig. 12). For the purpose of this
experiment, hyperthermia or “fever” was considered > 39.5°C and normal body
temperature around 38.6°C. These visual inter-individual differences in response tended
to stay constant with increasing doses with the exception of one high responding heifer

not responding to the 0.50 pg/kg BW dose and one low responding heifer responding

46



dramatically to the 0.75 pug/kg BW dose. This class switching was observed in Jacobsen
et al., (2005) and that not all responses were equally dose responsive. This may be
attributed to individual changes in numerous inflammatory mediators that cause the
clinical, hematological and blood biochemical changes in response to LPS (Eades, 1993;
Plaza et al., 1997). Pyrogenic variability may also be sourced to genetic differences in
LPS receptors found on macrophages (Michaels and Banks, 1988; Semrad and
Dubielzig, 1993). The presence of low responding heifers may have decreased the power
within the experiment, masking any significant changes in TL by treatment. T/S ratio
was not analyzed by response group due to small sample size within response groups. It
is possible that telomerase activity mitigated any depletion in TL, but the role of

telomerase was beyond the scope of this study.
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——Heifer 6141
Figure 10. An example of a low LPS responding individual. The maximum temperature did not exceed 39.5°C.




24 Hour Vaginal Temperature
6160 LPS (Dose 0.25 pg/kg BW LPS)
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—— Heifer 6160
Figure 11. An example of a medium LPS response heifer. The maximum temperature exceeds 39.5°C but remains below 40°C.




24 Hour Vaginal Temperature
6195 LPS (Dose 0.25 pg/kg BW LPS)
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——heifer 6195 ———Control
Figure 12. An example of a high LPS response heifer. The maximum temperature exceeds 40°C.




Telomere shortening has also been related to aging and lifespan. The trend in d O TL was
expected. Multiple studies utilizing cattle and Soay sheep report high individual
variability in telomere length (Seeker et al., 2018a, 2018b; Fairlie et al., 2016; Brown et
al., 2012; Laubenthal et al., 2016). Statistically, it appears that older heifers have a
tendency to have shorter telomeres, however, the difference between the oldest and
youngest heifer was approximately 38 days. There was little evidence the in literature to
support changes in TL over that short of a period that can be attributed to age in cattle
over the age of one month (Seeker et al., 2018a; Fairlie et al., 2016). It is well
established that vertebrate TL shortens most rapidly shortly after birth followed by a
steady decline through adulthood (Anglier et al., 2017; Seeker et al., 2018a; Fairlie et al.,
2016). However, it is more likely that those differences can be attributed to inter-
individual differences in TL at birth. Alternately, all previous bovine research has been
conducted in dairy breeds of cattle that are known to be earlier maturing. The telomere
dynamics in later maturing Brahman cattle may be different. In this study the average
age of these heifers was 640 + 4.56 days of age and were less mature than their dairy
counterparts at the same chronological ages. It is possible that the window of rapid
telomere attrition may be shifted to an older age to accommodate the continual growth
and development at older ages. However, this is not likely at 640 days of age as Seeker
et al., (2018a) found the rapid attrition to be within 1 month of birth in Holstein-Friesian
dairy cattle and Fairlie et al. (2016) found rapid attrition to be within 4 months of birth in

Soay sheep.
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Summary

Subcutaneously injected LPS between the doses of 0.25 pug/kg BW and 0.75
pa/kg BW produced a febrile response in Brahman heifers but did not seem to
commence a large enough immune response to impact TL in peripheral leukocytes.
Brahman heifers seemed to have varying degrees of sensitivity to LPS and consistently
react to increasing doses. However, the redistribution of immune cells was not known
during the window of innate immune response to further quantify differences in LPS
sensitivity. Increased days of age seemed to show a tendency to decrease TL; however,
TL is individually diverse based on heritability and the summation of life experiences
and may be more related to the latter. LPS administration shows promising potential in
studying the effects of acute illness on cattle TL with modifications to dose level and/or

route of injection to mount a greater immune response
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CHAPTER IV
COMPARISON OF TELOMERE LENGTH IN AGE-MATCHED PRIMIPAROUS

AND MULTIPAROUS BRAHMAN COWS

Introduction

Telomeres are the short G-rich sequences oriented toward the termini of linear
chromosomes responsible for protecting genetic integrity (Teasley and Stewart, 2016).
Telomere sequences (5° — TTAGGG — 3”) are supported by a complex of Sheltrin
proteins and maintained by the reverse transcriptase telomerase (de Lang, 2005; Diede
and Gottschling, 1999). Shortening of telomeres has been observed with cellular aging
due to the “end replication problem” after every replication cycle in-vitro (Morrison et
al., 1996). However, this is variable by cell type as well as biotic and abiotic factors
influencing replication and behavior of telomerase (Epel et al., 2004). In most cases,
telomere shortening is the hallmark of cellular aging which has led to the idea that TL
may be associated with organismal aging and lifespan (Aviv and Shay, 2018).

Shortening of average leukocyte TL measured in mammalian and non-
mammalian vertebrates seems to be related to lower survival rate and potentially is a link
to longevity (Seeker et al., 2018b; Angelier et al., 2017). This association with longevity
has led to the study of cumulative stress on TL as a biomarker of health and animal
welfare in the livestock industry (Bateson, 2015). Productive longevity or “functional
longevity” (as defined by Seeker et al., 2018b), has remained an elusive trait to quantify

in the dairy cattle industry. Heritability of functional longevity was estimated to be low,
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approximately 0.01 - 0.06, until a longitudinal study of 308 Holstein-Friesian dairy cows
found heritability estimates of relative leukocyte telomere length (RLTL) to be 0.38 +
0.03 and 0.32 £ 0.08 among cow and calf data sets (Pritchard et al., 2013; Seeker et al.,
2018b). Within this study, it was concluded that relative leukocyte telomere length
(RLTL) measured between one and five years of age was positively correlated with
productive lifespan (p < 0.05) (Seeker et al., 2018b). This had previously been suggested
in a study that found dairy cattle with short telomeres were more likely to be culled
within one year of measurement for poor health or fertility (Brown et al., 2012). This is
very strong evidence that leukocyte TL is linked to survivability in dairy cattle and
associated with “functional longevity” as well as a potential selection criterion for
breeding programs.

However, there is no literature investigating this association in alternate cattle
breeds with varying differences in production and longevity. A biomarker for productive
longevity in commercial cow-calf operations remains elusive; however, telomere
dynamics may be different than what is found in commercial dairy operations. It is
common practice in the modern dairy industry for the calf to be removed shortly after
birth to allow for maximum milk yield from the cow. This eliminates the very well-
established stress of caregiving that is known to result in shortened telomeres in humans,
avian species, and mice (Epel et al., 2004, 2010; Sudyka et al., 2014; Reichert et al.,
2014; Kotrschal et al., 2007) Further investigation is needed to elucidate the impact of

parity and successfully raising a calf on bovine telomere dynamics.
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Materials and Methods

Animal procedures for this project were approved by the Texas A&M AgriLife
Research Agricultural Animal Care and Use Committee (2017-035A). Animal
procedures were carried out at the Texas A&M AgriLife Research and Extension Center
located in Overton, TX. Nineteen primiparous and multiparous 4-yr-old Brahman cows
were utilized for this project.
Experimental Design

Brahman (Bos indicus) multiparous cows (n = 11) and primiparous cows (n = 8)
that had been determined to be pregnant and of 4 years of age were kept on pastures
consisting of Coastal bermudagrass (Cynodon dactylon) overseeded with Maton rye
(Secale cereal L.) and Nelson ryegrass (Lolium multiflorum Lam.) from March 1st to
May 26th of 2018. All multiparous cows were undergoing the second gestation of their
lifetime while primiparous cows were undergoing their first gestation. In addition to
pasture and free choice Coastal bermudagrass hay, cows and heifers were fed
approximately 3.6 kg of a 3:1 corn:corn gluten grain mix per head per day prior to
calving. Cows were bled by jugular venipuncture, weighed, and BCS recorded d — 28
prior to calving and d + 7 and d + 29 post calving respectively. Evaluation of BCS (1 -9

scale) was done by a trained professional with 40 years of experience.
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Table 4. Cow BW (kg) and BCS for parity and sample day (MEAN * SE).

Sample Day
Parity d-28 d+7 d+28
BW (kg) Parity 1 499 + 15 507 =17 513+9
Parity 2 526 + 14 521 £ 15 547 £ 10
BCS Parity 1 7.00+0.17 6.75+0.21 6.63+0.16
Parity 2 6.9 +0.22 6.73 £0.22 6.68 +0.23

At the time of parturition, cows and heifers were monitored for duration of labor, calving
ease, and retained placenta. Cows were monitored at the onset of observable signs of
calving such as relaxation of the pelvic ligaments, swollen vulva, and fluid discharge.
However, timing of duration of labor began at signs of hard labor such as the cow laying
down with observable contractions to expulsion of the calf. Calf birth weight and gender
were recorded within 24 hours of parturition.
White Blood Cell Isolation

Based on individual calving dates, cows and heifers were blood sampled by the
jugular vein (20 ml total per animal) 28 d prior to calving as well as on d 7 and 28 after
calving utilizing sterile 10 ml EDTA vacutainer tubes. Approximately 20 ul of whole
blood was utilized to make blood slides for CBC analysis. Whole blood was centrifuged
at 2,675 RCF for 30 minutes at 5°C. After centrifuging, the WBC layer located between
the RBC and serum interface, was aspirated with a pipette and transferred into a 1.5 ml

storage tube. The WBC were then cleaned of any remaining RBC and serum utilizing a
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RBC lysis buffer containing EDTA and water. The WBC were mixed with the RBC lysis
buffer for 5 minutes and microfuged for 5 minutes at 5,000 RCF. The remaining RBC,
serum, and RBC lysis buffer was aspirated from the top of the WBC pellet. The WBC
pellet was then stored at -80°C.
DNA Extraction

Extraction of DNA was performed utilizing spin column GeneJET Genomic
DNA Purification Kits (Thermo Scientific; Waltham, MA, USA). However, prior to
extraction, frozen WBC were crushed with liquid nitrogen utilizing a mortar and pestle
and weighed to approximately 20 mg to accommodate the purification kits. Remaining
crushed WBC were returned to -80°C storage. Quality control of extracted DNA was
conducted at the Texas A&M University Institute for Genome Sciences and Society
Genomics Core lab and criteria were as follows: yield > 20 ng/ul, integrity score < 3,
260/280 > 1.7 and 260/230 > 1.8 (as outlined in Seeker et al., 2016). The DNA that
passed quality control was aliquoted and diluted in low-binding tubes to 10 ng/ul,
utilizing nuclease free water and stored at -80°C.
Quantitative PCR

Quantity of telomere sequences was determined utilizing real-time quantitative
PCR methods utilizing the ratio of telomere to B2G genes. Custom primers for
amplifying bovine telomere sequences (telg =5’ - aca cta agg ttt ggg ttt ggg ttt ggg ttt
ggg tta gtgt - 3°, and telc = 5” - tgt tag gta tcc cta tce cta tcc cta tec cta tce cta aca - 3°)
and the B2G gene (-1 =5’ - cgg cgg cgg gcg gcg cgg gct ggg cgg gaa ggc cca tgg caa
gaagg-3’,and B-2 =15’ - gcc ggc ccg ccg cgce ccg tec cge cgce tca ctec age gca gca aagg -
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3”) (defined by Brown et al., 2012 and Cawthon et al., 2009) were designed and
purchased from Integrative DNA Technologies (IDT; Coralville, IA, USA). The bovine
beta-2-globulin gene was selected as a relatively constant housekeeping gene that
operates as a control gene for determining relative qT (Brown et al., 2012). The master
mix for the telomere and B2G reaction contained 10 pl 2X PowerUp SYBR Green
Master Mix (Applied Biosystems; Foster City, CA, USA), 1 ul of bovine telomere
primers (forward and reverse, each to 500 nmol final concentration), and 0.6 ul of B2G
primers (forward and reverse, each to 300 nmol final concentration), and 4.8 ul nuclease
free water. Master mix was loaded prior to 20 ng/ul of DNA. Standard double-stranded
DNA oligonucleotides (oligo) of bovine telomere (sense 5” - tta ggg tta ggg tta ggg tta
ggg tta ggg tta ggg tta ggg tta ggg tta ggg tta ggg tta ggg tta ggg tta ggg tta ggg - 3°;
antisense 5’ - cCC taa ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa ccc taa
ccc taa ccc taa ccc taa - 3°) and B2G (sense 5°- ggt gaa ggc cca tgg caa gaa ggt gct aga
ttc ctt tag taa tgg cat gaa gca tct cga tga cct caa ggg cac ctt tgc gct gag tga get g - 3°;
antisense 5’- cag ctc act cag cgc agc aaa ggt gec ctt gag gtc atc gag atg ctt cat gec att act
aaa gga atc tag cac ctt ctt gcc atg ggc ctt cac ¢ - 3”) were designed and purchased from
IDT. Six-step, 1:10 serial dilutions of both bovine telomere standard (10'%-107) and
bovine B2G (10°-10%) to create standard curves were generated immediately prior to
loading. Samples were randomly allocated on a 384-well gPCR plate and amplified in
triplicate, 20 ul reactions. A negative control containing water in place of DNA was
included to monitor for contamination of master mix. A real-time system thermocyler

(BioRad; Hercules, CA, USA) was programed with multiplex settings defined by Brown
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et al., 2012. Cycle threshold (Cq) value triplicates were checked for consistency.
Triplicates were included if the cycle difference was less than 0.25 cycles. Single
replicates with differences larger than 0.25 cycles were removed if an obvious outlier
could be identified, and the remaining wells were included. Samples with remaining
wells with differences larger than 0.25 cycles were excluded from analysis. Starting
quantities were averaged for samples with adequate Cq replicate differences. Copy
number of telomere sequence (5 — TTAGGG - 3’) and B2G gene is represented by SQ
and a ratio of telomere SQ and B2G SQ was utilized to determine T/S ratio.
Statistical Analyses

Statistical analyses were conducted using mixed linear models with the MIXED
procedure of SAS 9.4 (SAS Inst., Inc., Cary, NC). All T/S ratio measurements were log1o
transformed in an attempt to normalize their distribution. Parity (first or second) was the
fixed effect of interest. Other investigated fixed effects included calf birth weight,
duration of labor, and calving ease and their interactions as well as BW and BCS.
Random effects included sire and day of record as a repeated measurement on heifers.
Pearson correlation coefficients were calculated using CORR procedures of SAS and
tested for T/S ratio with these measured traits of these cows: neutrophil and lymphocyte
counts and their ratio, monocyte counts, and total white blood cell counts.
Results

Nineteen cows were included in the analysis. Two calves died within 28 days
post calving. Blood samples collected after the death of the calves were excluded from

analysis. Two samples were excluded from analysis that did not meet PCR Cq replicate
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criteria. Significant differences were seen between parity 1 (123196.9 + 4426) and parity
2 (113972.0 £ 3973) (P = 0.02) with Parity 2 cows having approximately 9224.5 less
copies of telomere sequences (Fig. 13). No differences were seen in day (P = 0.23) and
the interaction of parity and day (P = 0.76) (Fig. 14 and 15). A trend was observed
between duration of labor (Tlabor) and T/S ratio (P = 0.06). No differences were
detected for BW and BCS for sample day (P = 0.18; P =0.30) or T/S ratio (P =0.57; P =
0.38). Pearson correlations show a positive correlation (coefficient 0.46) between
duration of labor and T/S ratio (prob > |r| 0.0008). However, no differences in T/S ratio
were observed for calving ease (P = 0.19) or calf birth weight (P = 0.79). Pearson
correlations did not indicate differences in other investigated fixed effects relating to T/S

ratio or sampling day (Tables 3 and 4).
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Figure 13. Graphical representation of average T/S ratio between parity 1 and parity 2.
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Table 5. Pearson correlations of investigated fixed effects and T/S ratio.

T/S Ratio
Covariate Correlation Coefficient Prob > |r| Number. of
Observations

Total WBC 0.10885 0.4379 53

Neutrophil Count 0.02256 0.8726 53

Lymphocyte Count 0.13568 0.3327 53

N:L Ratio -0.18446 0.1861 53

Monocyte Count 0.10125 0.4707 53
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Table 6. Pearson correlations of investigated fixed effects and sample day.

Sample Day
Covariate Correlation Coefficient Prob > |r| Number. of
Observations

Total WBC -0.00544 0.968 57

Neutrophil Count 0.06582 0.6267 57

Lymphocyte Count -0.0434 0.7485 57

N:L Ratio 0.11864 0.3794 57

Monocyte Count 0.16639 0.2161 57

65



Discussion

Multiparous and primiparous cows showed differences in TL overall despite the
interaction of parity and day not being significant. It was not surprising that parity had a
significant effect on telomere length. Literature in humans, avian species, and cattle
suggest that parity, lactation, and parental effort have a negative effect on TL (Seeker et
al., 2018a, Brown et al., 2012; Laubenthal et al., 2016; Pollack et al, 2018; Kotrschal et
al., 2007; Plot et al., 2012, Bauch et al., 2013; Reichert et al., 2014; Sudyka et al., 2014;
Epel et al., 2004, 2010). The difference between nulliparous and multiparous TL was
observed in women in that multiparous women had 4.2% less telomeric sequences than
nulliparous women (Pollack et al., 2018). In the present study, multiparous cows had
approximately a 7.5% reduction in T/S ratio compared to primiparous heifers. The lack
of differences in the interaction of day and parity was unexpected. Parturition is a
complex cascade of glucocorticoid and signaling and changes in hormone profiles that
are suggested in the literature to impact the activity of telomerase and direct damage to
telomeres (Effros et al., 2005; Kyo et al., 1999; Choi et al., 2008; Barnes et al., 2018).
However, the lack of differences in TL prepartum and postpartum may be attributed to
the protective effects of estrogen. The postpartum resumption of ovarian function and
return to estrus means that estrogen concentrations will return normal estrous cyclic
levels (Murphy et al., 1990). Estrogen is known to bind to the hTERT promoter region

of telomerase, upregulating activity (Kyo et al., 1999). It is possible that this is a
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mechanism in place to protect telomeres after the physiological stress of gestation and
parturition.

The overall difference in TL between parity 1 and parity 2 may be related to
lactation and the psychological stress of caring for a calf. Laubenthal et al., (2016) found
a strong positive correlation between initial leukocyte qT in early lactation and the extent
of qT attrition in late lactation. However, this was limited to cows with initially high qT
values than those with low gT values (Laubenthal et al., 2016). This indicates that the
protective mechanisms of telomeres act preferentially on lower qT values or “shorter”
telomeres in dairy cattle. However, Seeker et al., (2018a) did not detect a difference in
RLTL between two genetic lines for high milk yield and control cows but did find that
milk yield significantly affected lifespan (P > 0.001). While Brown et al., (2012) did not
evaluate milk yield, they did report a linear relationship between age and qT as well as a
relationship between qT and culling status in cows. This conflicts with Seeker et al.,
(2018a) that did not report an age-related decline to 6 years of age in cows but did
acknowledge that geriatric (13 - 14 years of age) cows were included in the Brown et al.,
(2012) study. These conflicting studies suggest that parity and lactation in dairy cattle
may or may not be influencing telomere dynamics. It is important to note that all
previous research conducted in cattle has been with dairy cattle, and in the dairy industry
cows are required to produce a calf and off-set their maintenance costs with milk yield.
In all of the previously mentioned studies, cows were not responsible for raising their
calf. However, in the beef cow-calf industry cows are responsible for raising their calves

to weaning. This suggests that the reduction in T/S ratio in this study was most likely
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driven by the physiological stress of successfully raising a calf. This is in line with many
human studies that find a strong relationship between caregiving stress and TL (Epel et
al., 2004, 2010).

The positive trend observed in duration of labor in relation to T/S ratio was
unexpected. Parturition is a physiologically strenuous event and parity has been found to
negatively impact TL as stated above. However, endocrine signaling related to the onset
of labor may play a role in telomere dynamics. During parturition in ruminants, the onset
of labor is dependent upon the activation of the fetal HPA axis (Wood, 1999). This
increases the plasma concentration of cortisol to induce activity of 17-hydroxylase and
17,20 lyase in the placenta, which results in the biosynthesis of estrogen relative to
progesterone (Wood, 1999). While cortisol is known to have an inhibitory effect on
telomerase, it is possible that the biosynthesis of estrogen during labor may be impacting
telomerase activity. Differences in change of (Iog1o(T/S ratio)) show that while there
were minor differences in duration of labor between d7 and d-28 (Figure 16), there are
two individuals that had telomere lengthening, in relation to longer duration of labor
between d28 and d-28 (Figure 17). Those individuals may be driving the trend. It is also
observed that parity 2 cows had a shorter duration of labor and less variability in change
of (log1o(T/S ratio)). However, it is important to note that duration of labor was
measured by observation and signs of labor are subjective. The true time cows’ spent in

labor may be variable from what was recorded which may confound this analysis.
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Figure 16. Change in (log10(T/S ratio)) between d7 to d-28 by duration of labor and parity.
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Summary

Parity was a significant predictor of telomere attrition when Brahman cows are
controlled for age. While no changes in TL were detected between d -28 and d 28 for
parity 1 and 2, the difference was most likely attributed to parental effort of caring for a
calf. Telomere length shows a tendency to extend with an increase in time spent in hard
labor. Changes in hormone signaling during parturition, particularly estrogen, may act as
protective mechanisms in a time of increased physiological stress. However, this may be
a unique artifact of studying primiparous Brahman cows that are undergoing the stress of
birth and motherhood for the first time. Studying age-matched cows of varying parities
beyond two calves is necessary to fully understand the relationship between parturition

and telomere attenuation.
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CHAPTER V

CONCLUSIONS

Chapter 111 Evaluation of Lipopolysaccharide Induced Acute Inflammatory Stress
on Telomere Length in Brahman Heifers

Telomere dynamics are ultimately dependent on an individual’s ability to
maintain allostasis through glucocorticoid signaling and behavior of telomerase. Chronic
inflammation has been shown in several publications to affect TL and the subsequent
activation or de-activation of telomerase. However, little research exists to evaluate the
effects of repeated, acute inflammatory events and none exist in cattle on telomere
dynamics. In this experiment, repeated, increasing low-doses of subcutaneously injected
LPS did not shorten TL or impact other physiological measures of stress such as WBC,
BW, or BCS. However, vaginal temperature did confirm the presence of a sub-acute
inflammation in LPS treated heifers, though no clinical signs were observed. Days of age
at d0 did indicate the presence of an age effect on TL or the presence of inter-individual
variation in TL prior to this experiment. As there was only a subclinical response to any
dose of LPS it must be concluded that a greater concentration of endotoxin is needed to
mount a greater immune response to result in shortening of telomeres in Brahman cattle.
Further research regarding the effect of acute inflammation on TL in Brahman cattle is

warranted.
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Chapter IV Comparison of Telomere Length in Age-Matched Primiparous and
Multiparous Brahman Cows

Parity and caregiving have been shown by recent research publications to be
lifelong influencers of telomere dynamics in humans, mice, and avian species. During
parturition, cows undergo rapid endocrine changes in response to signals generated by
the fetal HPA axis. Increased concentrations of cortisol are known to inhibit telomerase
resulting in telomere attrition; however, short term stimulation can increase telomerase
activity and result in telomere lengthening. The resumption of ovarian function post-
partum allows for steroidogenesis to continue and the production of estrogen which may
also mitigate telomere attrition through telomerase. In this experiment parity was a
significant indicator of telomere attrition, most likely related to the long-term stress of
raising a calf to weaning. More time spent in labor showed a positive trend in telomere
length suggesting that endocrine changes during parturition have possible positive
impact on telomerase activity. Extrapolating TL differences in multiparous cows beyond
1 or 2 calves may give insight into productive longevity and lifespan as primiparous
cows may not be representative. Blood sampling at weaning of the current calf and d -28
of calving for the following calf could be done to further understand when TL attrition is
occurring. The role of telomerase is also needed to fully understand telomere dynamics
during parturition and the mechanisms of lengthening or shortening of TL. Creating a
large sample size, multigenerational longitudinal study of multiparous Brahman cows
involving the role of telomerase is a promising next step in understanding cow longevity

in a beef cow-calf system scenario.
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APPENDIX A

WBC ISOLATION, DNA EXTRACTION, AND PCR PROTOCOLS

White Blood Cell Isolation
Step 1 Collect blood by jugular venipuncture into EDTA vacutainer tubes and store in
refrigerator until WBC isolation steps
- When bleeding animal, make sure vacutainer fills with steady stream of
blood
- Use 18 ga 1” needles and change needle between every animal
Step 2 Spin whole blood at 2,675 RCF (3,500 RPM) for 30 min at 5°C
Step 3 Carefully aspirate the WBC layer at the serum and RBC interface
- Transfer into a 1.5 ml microfuge tube and place on ice
Step 4 Add RBC lysis buffer to WBC to fill 1.5 ml tube
- Vortex tubes for 20 sec
- Shake tubes for 5 min
Step 5 Spin tubes in microfuge for 5 minutes at 5,000 RCF (14,000 RPM)
- AWBC pellet should form at bottom of tube
Step 6 Aspirate supernatant off the top of WBC pellet
- Repeat steps 4,5, and 6 WBC washing until a clean, white WBC pellet is
achieved
Step 7 Store WBC pellet in -80°C in 1.5 ml microfuge tube

- Wrap in parafilm for long term storage
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DNA Extraction
Utilize a spin column kit (GeneJET Genomic DNA Purification Kits (Thermo Scientific;
Waltham, MA, USA.)) that yields high quality, intact DNA
Quality Control — for PCR
Yield > 20 ng/ul, Integrity Score < 3, 260/280 > 1.7, 260/230 >1.8 (as outlined by
Seeker et al., 2016)
- Use a Qubit to determine yield, a Nanodrop does not give yield of INTACT
genomic DNA
- Nanodrop is used for determining salt content
- Can utilize a Tapestation or Gel for integrity
Aliguot DNA to 10 ng / pul concentration and 10 ul total volume
- Store in low-binding tubes at -80°C
- May need to store at greater volumes for long term storage
- Seal samples with parafilm for long term storage
Real-Time PCR
Materials
Standards and Primers can be ordered through Integrative DNA Technologies
Bovine Telomere Standard Oligonucleotide (IDT Ref #206903826)
Bovine B2G Standard Oligonucleotide (IDT Ref # 206903823)
Bovine Telomere Forward Primer (IDT Ref# 207839206)
Bovine Telomere Reverse Primer (IDT Ref# 207839207)

Bovine B2G Forward Primer (IDT Ref# 207839208)
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Bovine B2G Reverse Primer (IDT Ref# 207839209)
Powerup SYBR Master Mix (LTC Catalog # A25776)
Nuclease Free H20
**Intact Genomic DNA (Integrity checked & Qubit for concentration)
- Diluted to 10 ng / pl
- 10 pl aliquots made for all possible plates
Preparatory Steps
Test Primers and Standards prior
S.0. 2019 experiment found 500nM of telomere F/R primer worked best with 300nM of
B2G F/R primer
- Can be altered if another primer ratio is desired
S.0. 2019 experiment found that, for 20-21 mo old heifers and 4-year-old cows, the
appropriate standard curve concentrations were between 10— 108 for telomere and 10°
—10*for B2G
- Older/younger animals may require a different range of standard
concentrations
- Test standard curve on a representative animal prior
Utilize the same thermocycler throughout experiment with plates manufactured by the
same company

Step 1 Test Standards

Resuspend standard to 1x10% (that should give a broad enough range for any bovine TL)

See nM given on IDT form
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- Multiply given nM by 6.022 x 10
- This will give you copy number (#)
- Diluting this will give you # x 10'8
- Adjust dilution to give # x 10'°
- See S.O. lab notebook for example if confused
Let standards resuspend for 1 hour with finger tapping every 10-15 minutes
- Make aliquots of stock and store in -80*
Do a 1:10 dilution series of the standards utilizing the non-stick (low concentration)
tubes
- Test standard for linearity
- Make aliquots of each iteration and store in -80*
Bovine B2G and Telomere standards must be run independently (2 curves on plate)
***Standard works best freshly made, aliquots of frozen dilution may not be linear, so |
recommend testing a standard and saving the iteration in addition to making a fresh
standard dilution series when running an experiment. That way you have a back-up if
your previous standard fails, the freshly diluted standard will work. However, standards
vary every time you dilute them so you will not be able to make comparisons between
plates. Using the frozen standard gives you the chance to compare between plates if it
succeeds but it has not worked in the past.

Step 2 Prepare Master Mix

This is a 20 pL reaction (18 uL MM + 2 uL DNA) meant for a 384 well plate
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Master Mix x # Wells
H20 4.8 pL X L
TF 1 uL X L
TR 1 uL X L
BF 0.6 pL X L
BR 0.6 pL X L
SYBR 10 pL X L
Total Volume: 18 uL X yL

Tips:

+ 5-10% for pipetting error

1.) Mix everything well after combining AND before plating

2.) Primers come with instructions to suspend to 100nM from IDT

- Use a 1:10 dilution to achieve the proper final nM for master mix

3.) Keep covered in foil away from light (anytime Powerup SYBR Master Mix is
involved)

4.) Work from cheapest reagent to most expensive

5.) All materials and steps should be done on ice

6.) SYBR is very viscous so pipette slowly otherwise you may run out of master mix

when setting up a plate Master Mix

Setting up Plates s
&

Note: Everything will be done in triplicate c:Q
Tip: Set plate on a colored laminated card on ice

- Dark colors help make the wells visible

- Plastic keeps moisture off of the plate DNA
Step 1 Pipette master mix in first (18 pL) 8

_ _ g
- Mix thoroughly prior [on
- Pipette master mix onto well wall to N/ Well
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avoid bubbles forming underneath

Step 2 Pipette DNA in second (2 ulL)

- Mix thoroughly via finger tapping of the tube

- Pipette DNA into master mix but above

the bottom of the well

- Treat standards like DNA

Tips:
1.) Use recently calibrated pipettes
2.) Go slowly and deliberately
3.) Rushing will cause your triplicates to be wide and
your standard curve to fall apart!

Step 3 Setting up thermocycler and finished plate

S.0. et al., (2019) experiment utilized Brown et al., 2012 multiplex thermocycler
settings: “The thermal cycling profile was as follows. Stage 1: 15 min at 95°C; stage 2: 2
cycles of 15 s at 94°C, 15 s at 49°C; stage 3: 40 cycles of 15 s at 94°C, 10 s at 62°C, 15 s
at 73°C with signal acquisition, 10 s at 80°C, and 15 s at 83°C with signal acquisition.
Signal acquisition at 73°C provided the information to calculate cycle threshold (Ct)
values for the telomere product (Ct Tel); signal acquisition at 83°C provided the
information for the B-globin product (Ct BG)”

- This should be tested with primers and standard prior to experiment
Tips: Before imputing plates

1.) Insert plate into plate spinner
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- This will prevent any bubbles from staying in the bottom of the well
2.) Seal plate with plastic film
Data Analyses
Download and install CFX Maestro Software
-if using Bio-Rad thermocycler
Export data from thermocycler

Step 1 Plate set up

Open plate set up in CFX Maestro
- Designate wells as unknown, standards, or negative controls based on plate
map
- This will have to be done twice on two different saved versions for telomere
standard and B2G standard set to the appropriate signal acquisition step for
each
Check linearity of standard curves
- R >0.98 respectively

Step 2 Export data

After the standard curves have been created in plate set up starting quantities of all
unknown samples will be given in addition to Cqvalues

- Export data into excel

- Make sure the program is in “Target” setting and not “fluorophore”
Check that low Cqvalues correlate with high starting quantities

- This can be done by sorting data in excel (highest to lowest)
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- If this relationship is not correct go back to CFX maestro and double check
settings

Step 3 Data Analyses

Correctly label wells with Animal ID
Evaluate Cqdifferences by subtracting the highest and lowest value within triplicates of
an individual sample
- Do this for all samples to see accuracy of plate set up
- Determine a threshold that is acceptable for Cq differences, generally no more
than 0.3 differences between highest and lowest value
- Eliminate obvious outliers within replicates to achieve acceptable Cq
difference
- Eliminate any samples that exceed 0.3 difference even with outlier removed
- Utilize remaining starting quantities to create an average for a sample
Utilize average starting quantities of telomere and B2G to create T/S ratio for samples
- Divide telomere by B2G starting quantities for all samples
Use T/S ratio for statistical analyses of choice
Instructions for Buffers and Gel Electrophoresis
RBC Buffer
Materials
998 ml millipore filtered H20
2mlof 0.5 M EDTA

Sterile conical vacuum filter
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Instructions
Add 2 ml of 0.5 M EDTA to 998 ml H,0 and filter through sterile conical vacuum filter
Store at 4°C
Gel Electrophoresis
Instructions for Bio-Rad min sub cell GT tray
Step 1 In a 125 ml flask add 50 ml 1X TAE buffer and 0.5 g agarose
- Cover with plastic wrap and poke to vent
- Microwave for 1.5 min with occasional mixing
Step 2 Let flask with TAE and agarose cool until safe to touch
- Add 2.5 ul of Azura Genomic Smart Stain
- Swirl to mix
Step 3 Pour mixture into tray
- Make sure comb is in place prior to pouring
- Let solidify for 30 minutes
Step 4 Pour TE buffer over gel until it reached the fill line on side of tray
- Carefully remove comb by lifting one side at a time
- Make sure wells stay intact
Step 5 Load wells
- Utilize 100 ng of DNA mixed with Azura Genomics Smart Glow Stain
o 1 pul of stain for every 5 pl of DNA
o Prepare all DNA samples prior to loading in PCR strip tubes

- Utilize 6 pul of Thermo Scientific GeneRuler 1 kb DNA ladder
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Step 6 Run settings
- Run electrophoresis at 85 V for 1 hr

- Dye should be 2/3 of the way down the gel
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