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Abstract

We have extended our previous survey of the association of mitochondrial prevalence in
particular tissues with ascites susceptibility in broilers. We previously reported that in breast
muscle of 22 week old susceptible line male birds had significantly higher mtDNA copy number
relative to nuclear copy number (mtDNA/nucDNA), compared to resistant line male birds. The
higher copy number correlated with higher expression of PPARGCIA mRNA gene. Ascites is a
significant metabolic disease associated with fast-growing meat-type chickens (broilers) and
is a terminal result of pulmonary hypertension syndrome. We now report the mtDNA/nucDNA
ratio in lung, liver, heart, thigh, and breast of both genders at 3, and 20 weeks old. At 3 weeks the
mtDNA/nucDNA ratio is significantly higher in lung, breast, and thigh for susceptible line males
compared to the resistant line males. Conversely, we see the opposite for lung and breast in
females. At 20 weeks of age the differences between males from the two lines is lost for lung,
and thigh. Although there is a significant reduction in the mtDNA/nucDNA ratio of breast from
3 weeks to 20 weeks in the susceptible line males, the susceptible males remain higher than
resistant line males for this specific tissue. We assessed relative expression of five genes known
to regulate mitochondrial biogenesis for lung, thigh and breast muscle from males and females of
both lines with no consistent pattern to explain the marked gender and line differences for these
tissues. Our results indicate clear sex differences in mitochondrial biogenesis establishing a
strong association between the mtDNA quantity in a tissue-specific manner and correlated with
ascites-phenotype. We propose that mtDNA/nucDNA levels could serve as a potential predictive

marker in breeding programs to reduce ascites.
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Introduction

Ascites, Pulmonary hypertension syndrome PHS, or ‘water belly” is a cardiovascular, metabolic
disease affecting fast-growing broilers. Ascites is a complex problem resulting from many
interacting factors such as genetics, environment and management, but also occurs in normal
conditions as a response to high metabolic rate [1-6]. The high metabolic oxygen requirement of
rapid growth, combined with insufficient capacity of the pulmonary capillaries appears to be the
most important cause of ascites incidence in modern broilers [7,8]. Inadequate oxygen levels
trigger a series of events, including peripheral vasodilation, increased cardiac output, increased
pulmonary arterial pressure, right ventricular hypertrophy (RVH; elevated right ventricular to
total ventricular ratios- RV: TV), and ultimitly accumulation of fluid in the abdominal cavity and
pericardium [5, 8, 9-11]. Advances in management practices, rearing programs, and improved
selection techniques have decreased ascites incidence in modern broilers. However, ascites
syndrome remains an economic concern throughout the world, causing estimated losses of $100
million annually in the US [12, 1993; Rossi personal communication, 2004; Cooper personal
communication, 2018]. The etiology of ascites in poultry has been classified into three
categories: 1) mainly pulmonary hypertension, 2) various cardiac pathologies, and 3) cellular
damage caused by reactive oxygen species ROS [13]. Mitochondria are the powerhouses of the
eukaryotic cell and are the major contributor to oxidative stress through the generation of
reactive oxygen species (ROS). Mitochondria are the primary oxygen consumer for energy
production to sustain rapid growth in broilers [14-16]. Mitochondria are known to be involved in
the regulation of several fundamental cellular processes, including metabolism, apoptosis,
intracellular signaling, and energy production in the form of ATP via the oxidative

phosphorylation. Mitochondrial biogenesis can be defined as the process of growth and division
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of pre-existing mitochondria to increase ATP production in response to growing demand for
energy or stress conditions [17]. During times of environmental stress (e.g., hypoxia, cold
temperature, etc.), ROS levels can increase dramatically which may result in significant damage
to cell structures notably the mitochondria [18]. Ascites can be induced at early ages by several
methods such as altering the environment’s temperature [19, 20], air quality [21], and altitude
[22]. Researchers at the University of Arkansas established divergently selected ascites
experimental lines derived from a former full pedigreed elite line beginning in the 1990s through
sibling-selection based on a hypobaric challenge [11, 23]. The lines are the ascites resistant

(RES) line, ascites susceptible (SUS) line, and a relaxed (REL) unselected line.

Previously we reported that for a small sample set of breast muscle at 22 weeks of age for RES
and SUS males, the samples from SUS males had approximately twice the ratio of mitochondrial
DNA (mtDNA) to nuclear DNA (nucDNA), and that this difference correlated with a difference
in the level of expression of PPARGCIA [24]. We have further investigated this apparent
difference and extended our analysis to genders, multiple tissues, and additional developmental
stages. We also assessed the relative expression of five genes known to regulate mitochondrial
biogenesis only for those tissues that demonstrated significant sex-differences in mtDNA copy
number. The results indicate a likely correlation between mtDNA/nucDNA ratios and ascites

phenotype for particular tissues.

Materials and methods

Birds stocks

All animal procedures were approved by the University of Arkansas Institutional Animal Care

and Use Committee (under protocol 12039 and 15040). Birds used in this study represent the
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81 ascites-resistant (RES), the ascites-susceptible (SUS), and the relaxed unselected (REL) lines at

82  generation 21 [23].

83 Tissue collection

84  Heart, lung, muscle iliotibialis (thigh), pectoralis major (breast), and liver, were collected from
85  SUS and RES experimental lines. At three weeks of age, five male and female birds from each
86  experimental line were randomly selected, euthanized by cervical dislocation, and samples were
87  collected and immediately stored in RNAlater™ (Sigma Aldrich, St. Louis, MO). At 20 weeks of
88 age we collected lung, thigh, and breast from five males of SUS and RES lines. For the REL line

89  we collected breast tissue from 12 males at 3 and 20 weeks of age.

90 DNA isolation

91  Tissue samples were homogenized in 1 ml lysis buffer (10 mM TrisCl, ]| mM Na2EDTA pH 7.5)
92 using a Bullet Blender homogenizer (Next Advance, Inc., Averill Park, NY) and overnight
93  digested with 100 pg/ml pronase at 37°C. SDS was added to, then successively extracted by
94  phenol:chloroform:isoamyl alcohol (25:24:1) and chloroform:isoamyl alcohol (24:1), followed
95 by ethanol precipitation of DNA. DNAs were dissolved in 10 mM TrisCl 0.1 mM EDTA pH 7.5.
96 DNA quantity was assessed by fluorimetry with Hoechst 33258 (GLOMAX Multi Jr, Promega
97  Corp., Madison, WI) and purity (A260/280) by spectrophotometry (NanoVue, GE Healthcare

98  Bio-Sciences, MA, USA).

99 RT-qPCR for mitochondrial biogenesis

100  Mitochondrial DNA content was measured by quantitative, real time PCR (qPCR) in 96 well
101  format using a CFX96 Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, California, USA).

102  The mitochondrial target was the gene for mt-tRNAARG, with the nuclear target a region of 5-
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103  Hydroxytryptamine receptor 2B (HTR2B). Specific primers (Table 1) were designed using

104  Primer3 software (version 0.4.0; http://bioinfo.ut.ee/primer3-0.4.0/primer3/) and synthesized by

105  Integrated DNA Technologies (Coralville, IA USA). Reactions (20 pl) were run in triplicate and
106  consisted of 1X Taq Buffer (50 mM Tris-Cl, pH 8.3, 1 mM MgCl,, 30 pug/mL BSA), 1X
107  EvaGreen dye (Biotium Inc., Hayward, California, USA), 0.25 mM MgCl,, 0.2 mM dNTP,
108  0.5uM each of the specific forward and reverse primers, 4 U of Taq polymerase, 2 uL. of DNA
109  (50-100ng). The cycling protocol was an intial soak at 90°C for 30 s, followed by 40-cycles of
110 30 s at 95 °C, 15 s at 60°C and 30 s at 72 °C followed by a plate read. Ct values from the
111 exponential phase of the PCR were exported directly into Microsoft EXCEL worksheets for
112 analysis. The ACt of mtDNA relative to the nucDNA reference SUS samples were converted to
113 AACt values calibrated based on the ACt of RES samples [25]. The fold changes relative to the
114  calibrator (RES line) was estimated as 2(-AACY,

115 Table 1. Sequences of primer pairs used for RT-qPCR analysis of chicken target and
116  reference genes. For each gene the primer sequence for forward (F) and reverse (R) are listed
117 (5°-3’), genomic location, the annealing temperature in °C used (Ta), the amplicon product
118  length (bp). All primer sequences were synthesized by Integrated DNA Technologies (IDT,
119  Coralville, I1A).

Gene Location Primer Sequences Ta Product
length

mt-tRNAARG chrM Forward: GCTTCTTCCCCTTCCATGAGCCATCC 60 288

(mtDNA) Reverse: AGAGATGAGGTGTGTTCGGTGGAATGC

HTR2B Chr9 Forward: GCCTATTTGATCAACAAGCCACCTC 60 226

(nucDNA) Reverse: GTTATGAAGAATGGGCACCACATCA

TBP Chr3 Forward: GAACCACGTACTACTGCGCT 60 230
Reverse: CTGCTGAACTGCTGGTGTGT

PPARGCA1 Chr4 Forward: ACGCAAGCAGTTTTGCAAGT 60 271
Reverse: TCCGCTGTGCCTCTTTAAGT

OPA1 Chr9 Forward: CCTAACTGGCAAAAGGGTCCA 60 206
Reverse: GCTCCCCCAAAAGGTAAGACA

SIRT1 Chré6 Forward: CGATGAAGGAAAATGGAACCAAC 60 270
Reverse: CGCTCTCATCCTCCACATCT

MAPKal ChrZ Forward: CGACGGAAGAATCCAGTGAC 60 206
Reverse: TTTCCTTGTGCATCACCATCTG

DNMI1L Chrl Forward: ATCCTTGCTGTTGGATGACCTT 60 218

Reverse: AGCGTGGCTGGTACAGTCTT
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120

121 RNA isolation and gene expression analyses

122 Total RNA was isolated from lung, thigh, and breast tissues using TRIZOL reagent (Ambion,
123 Thermo Fisher Scientific) according to the manufacturer’s instruction. The extracted RNA was
124  assessed for quantity and purity (A260/280) using NanoVue spectrophotometry (GE Healthcare
125  Bio-Sciences, MA, USA). RNA integrity was evaluated by electrophoresis in 1.5% agarose gel
126  in 0.5xTBE buffer (50 mM Tris, 1 mM Na,EDTA, and 25 mM Borate, pH 8.3), stained by 0.5
127  pg/ml ethidium bromide. Samples that did not show 3 strong and distinct bands (28S, 18S, and
128 5S rRNA) were discarded. Gene expression for PPARGCIA, AMPoK, OPAIl, SIRTI, and
129  DNMIL was performed using a two-step RT-qPCR method. RNA (up to Sug) was combined
130  with 2 uM CT,3V, and 0.5 mM dNTP and denatured at 70°C for 5 mins, then added to a
131  mastermix consisting of 1X First Strand buffer (Invitrogen), 5 mM MgCl,, | mM DTT, 20 U
132 RNasin (Promega Corp, Madison, WI USA), and 200 U MMLYV reverse transcriptase (Promega
133 Corp) in a final volume of 20 pl. The reaction was incubated at 42°C for 60 minutes and then
134  inactivated at 85°C for 5 minutes. Chicken TATA-binding protein (7BP) was used as the
135  reference gene [26]. Primers (Table 1) for each gene were designed to span an intron using
136  Primer3 software and synthesized by Integrated DNA Technologies. Second step qPCR were
137  performed in a 20ul volume were as above for qPCR except as target 2 pL of cDNA (50-100ng).
138  The PCR cycling was initial denaturation at 90°C for 3 mins, 10 cycles of 90°C for 15s, 60 °C
139  for 15s, 72 °C for 1 min, followed by another 30 cycles of 90°C for 15s, 60 °C for 15s, melt
140  curve 70°C to 90°C, finally 72 °C for 1 min with plate read. Ct values were analyzed as
141  described above. Relative gene expression was calculated using the 2¢22CY method [25] with

142  both biological and technical replicates, and normalized to TBP as the reference gene.
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143 Statistical analysis

144  Data are presented as means + SEM. All statistical computations were performed using EXCEL,

145  and significant difference between lines and gender means were assessed by the Student’s t-test.

146  Probability level of P < 0.05 was considered statistically significant.

147  Results

148  Previously we evaluated the mitochondrial biogenesis and PPARGCI4 mRNA gene expression
149  in male broiler chickens at 22 weeks of age [24]. The analyses compared two experimental lines
150 produced through divergent selection for ascites phenotype; the ascites-susceptible (SUS) and
151  ascites resistant (RES) broiler lines. The comparison was based on five males from each line and
152  the evaluation was for right ventricle and breast. Results showed that birds from SUS had
153  significantly higher mtDNA copy number (P = 0.038) and PPARGC1A4 RNA gene (P =0.033) in
154  breast muscle; with no difference in right ventricle. Thus, we suggested that mitochondrial
155  biogenesis and PPARGCIA mRNA gene expression differ between male boilers from RES and
156 SUS lines in a tissue-specific manner. The present report extends our previous analyses to

157  additional muscles and other critical tissues at additional ages and for both genders.

158  From each line, five birds of both sexes were sampled for right ventricle, breast, thigh, lung, and
159  liver at 3 weeks of age. The mtDNA/nucDNA ratio was estimated by qPCR of mt-tRNAARG
160 (mtDNA) and a single copy region of HTR2B (nucDNA). A higher mtDNA/nucDNA ratio was
161  observed in lung (Fig 1.C), thigh (Fig 1.D), and breast (Fig 1.E) tissues of SUS line relative to
162  the RES line in males. The breast tissue of SUS line males contained 4 times higher levels
163 (P=0.048) of mtDNA copy number. The lung of SUS line males was 64 times higher (P=0.01)

164  and the thigh was 16 times higher (P= 0.03). No differences were detected in mtDNA/nucDNA


https://doi.org/10.1101/429431
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/429431; this version posted September 27, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

165 ratio between the males from the two lines for right ventricle (Fig 1.A), and liver (Fig 1.B).
166  Although the right ventricle of SUS line males was higher than RES line males, the difference
167  was not statistically significant (P = 0.08). Inspection of the mtDNA/nucDNA ratios across
168  tissues for males from each line revealed that the RES line males were comparable (around
169  1000) for right ventricle, thigh, liver and breast, but only around 100 for lung. The SUS males
170  were much more variable ranging from 100,000 for thigh and lung, to 5,000 to 10,000 for liver,

171  right ventricle, and breast.

172 In contrast to the males, the mtDNA/nucDNA ratio at 3 weeks of age for SUS line females were
173 lower than RES line females for lung (Fig 1.C) and breast (Fig 1. E). The breast ratio for SUS
174  line females was half that of the RES females (P=0.03), while for lung the SUS line was 0.008x
175  the value for the RES females (P= 0.004). No differences in mtDNA/nucDNA ratio were
176  observed between the females for the two lines for liver (Fig 1.B), right ventricle (Fig 1.A), and
177  thigh (Fig 1.D). Although the liver, and right ventricle of SUS line females was lower than RES
178 line females, the difference was not statistically significant, and the RES line female values for
179  liver were more variable. Examination of the mtDNA/nucDNA ratios across tissues for females
180  for both lines revealed that the SUS line females were comparable (around 1000) for right
181  ventricle, thigh, lung, and breast, and around 10,000 for liver. Unlike for males the RES female
182  samples showed the greatest tissue variation. RES females’ ratios ranged from 100,000 for liver

183  and lung, to 10,000 for right ventricle, and 1000 for thigh and breast.

184  Comparison of mtDNA copy number between genders within each line at 3 weeks of age shows
185  significant differences for some tissues. Females from the RES line had higher mtDNA copy
186  number than males from the RES line for lung (P=0.001) and breast (P=0.006). In contrast,

187  males from the SUS line had a relatively higher mtDNA copy number than SUS line females for
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188  lung (P= 0.05) and thigh (P=0.03). In this study, lung tissue demonstrated the most significant

189  mtDNA/nucDNA ratio differences in respect to both gender and line.

190 Since only lung, thigh and breast showed differences at 3 weeks of age, we examined
191  mtDNA/nucDNA ratios for those same tissues at 20 weeks of age. We restricted our
192  investigation to males since ascites mortality is consistently higher for males than for females in
193  our research lines. This is also consistent with reports from other researchers on commercial
194  broilers [27-30]. Five males of both lines from the same generation were assessed for ontological
195  changes in mtDNA copy number. As shown in Fig 1.C, and 1.D, we observed a decrease in
196 mtDNA/nucDNA ratio in 20 week SUS line males compared to 3 week SUS line males for lung
197  (P=0.019) and thigh (P= 0.045). The reduction at 20 weeks of age results in the SUS and RES
198  line males have comparable levels of mtDNA for lung and thigh. However, as for 3 weeks of
199  age we continue to see a higher ratio of mtDNA/nucDNA in the breast muscle for the SUS line
200 males compared to the RES line males (Fig 1.E). The difference between the lines for the breast
201  decreases from 6-fold at 3 weeks of age to approximately 2-fold at 20 weeks of age but remains
202  statistically different between the lines (P=0.02). Furthermore, consistent with our finding at a
203  younger age, the mtDNA/nucDNA ratio in breast muscle of 20 weeks old of SUS line males was
204 2 times higher (P= 0.02) compared to RES line. No differences between young and old birds in
205 mtDNA/nucDNA ratio were detected for breast tissues of SUS line males (P=0.3) indicating the
206  consistent elevation of mtDNA/nucDNA ratio. However, we observed an increase in
207  mtDNA/nucDNA ratio in breast tissues (P=0.03) between young and old birds of the of RES
208  line. Thus at 20 weeks of age we see the SUS line male mtDNA copy number reduced to
209  comparable levels as the RES line males for lung and thigh but the breast mtDNA copy number

210 remains elevated in the SUS line compared to the RES line.

10
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211 Fig 1: Mitochondrial Biogenesis in several tissues from ascites research lines. (A) and (B)
212 Mean mtDNA relative to nucDNA in heart, and liver of the SUS and RES lines of both sexes at 3
213 weeks old. (C), (D), and (E) Mean mtDNA relative to nucDNA in lung, thigh, and breast muscle
214  of the SUS and RES lines of both sexes at 3 and 20 weeks old (n=5 for each group). Error bars
215 are SEM and P values determined by one-tailed t-test, P <0.05.

216  Since the REL line represents the founder population for our SUS and RES experimental lines,
217  we decided to examine the mtDNA/nucDNA ratio in breast muscle of male birds from the REL
218 line at 3 and 20 weeks of age. As shown in Fig 2, we observed an increase in mtDNA/nucDNA
219 ratio in 20 week REL line males compared to 3 week REL line males (P=0.03). In this study,
220  both REL and RES line male birds had the same mtDNA/nucDNA ratio at both 3 and 20 weeks
221 of age. Unlike the SUS male birds that have always higher mtDNA/nucDNA ratio at both ages

222  than the RES and REL males.

223 Fig 2. Mitochondrial Biogenesis in breast muscle of 3 and 20 weeks old male birds. mtDNA
224  relative to nucDNA in breast tissues of males from RES, SUS, and REL experimental lines at 3
225  weeks old, and 20 weeks old (n=5 for SUS and RES birds and n=12 for REL line birds). Error
226  bars are SEM and P values determined by one-tailed t-test, P <0.05.

227 A number of genes have been associated with regulation of mitochondrial biogenesis. We
228  selected five of these genes to examine their expression levels using RT-qPCR for the tissues
229  showing the greatest differences for gender or line. The five genes were: AMP-activated protein
230 kinase ol (AMPKal), peroxisome proliferator-activated receptor gamma co-activator 1 alpha
231 (PPARGCIA), Sirtuin 1 (SIRTI), optic atrophy 1 (OPAI), and Dynamin-1 like (DNMIL). The
232 expression of these genes were assessed in lung, thigh, and breast of both lines and genders at 3
233 weeks of age, and breast and lung for males at 20 weeks of age. In all cases the relative

234 expression was determined and calibrated against the expression in the RES line.

235 In males at 3 weeks of age, expression of all five genes were reduced in all three tissues (Table

236 2), with the reduction being statistically significant for AMPKal, OPA1, and DNMIL in lung and

11
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breast ranging to half the expression in SUS relative to RES. There were no differences in the
level of expression PPARGCIA and SIRTI genes in lung and breast between the two lines at this
age. In thigh, there were no differences in expression levels for any of these five genes.
Interestingly, an increase in the level of expression of PPARGCIA, SIRTI, and OPAI genes in
breast of SUS males at 20 weeks of age relative to RES males was observed. No differences in
the expression of DNM 1L gene in breast while the expression of AMPKal gene remained low. In
the lungs of SUS males at 20 weeks of age, a reduction in the expression of all genes was
observed relative to RES males (Table 3), with the reduction being significant for AMPKal
(P=0.016), and OPAI (P= 0.0009). No significant differences in PPARGCIA expression was

observed.

Table 2: Relative gene expression in lung, thigh, breast muscles of 3 weeks old male birds
from SUS and RES lines divergently selected for ascites phenotype. 1| indicates the
direction of the difference for the SUS line relative to the RES line. Avg + SEM is the average +
standard error of the mean for the n-fold change (2*-AACt) for the SUS line relative to the
calibrator, RES line, from five birds (n= 5) run in triplicate. Statistically different results were
determined using Student's ¢ test for unpaired samples.

Gene Lung 3 Weeks Thigh 3 Weeks Breast 3 Weeks
1l | Avg+=SEM | Pvalue | 7| | Avg+SEM | Pvalue | 1| | Avg=SEM | P value
AMPKal ! 0.75+0.23 0.04 1 1.21+£0.27 0.15 ! | 0.66+0.07 0.02
PPARGC1A ! 0.78 +0.10 0.12 ! 0.82+0.21 0.23 l ] 092+0.11 0.32
SIRT1 ! 0.84 +0.08 0.12 ! 0.58 £0.05 0.27 ! | 091=+0.07 0.34
OPALl ! 0.65£0.07 0.01 1 0.93 +0.22 0.38 L | 0.70+0.05 0.04
DNMIL ! 0.49+0.03 | 0.00004 | | 0.92+0.14 0.29 L | 0.63+£0.05 0.018

Table 3: Relative gene expression in lung, and breast muscles of 20 weeks old male birds
from SUS and RES lines divergently selected for ascites phenotype. Column headers and
data representations are as described for Table 2. NC is no significant change.

12
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Gene Lung 20 Weeks Breast 20 Weeks
T Avg + SEM P value T Avg + SEM P value
AMPKal ! 0.15+0.13 0.01 ! 0.83+0.29 0.02
PPARGC1A NC 1.01 +2.05 0.16 1 1.97 £0.09 0.000003
SIRT1 ! 0.51+0.08 0.10 1 1.43+£0.11 0.004
OPA1 ! 0.62 +0.05 0.0009 1 1.18 £0.07 0.03
DNMIL ! 0.81 +0.08 0.11 ! 0.92 +0.23 0.19

In females at 3 weeks of age, the expression of AMPKal gene in lung was reduced (0.5x;

P=0.05) in SUS line compared to RES line, while SIRT/ mRNA expression increased by

approximately 29% (Table 4). For thigh, only OPAl and DNMIL were reduced to 80% and

60%, respectively, in SUS vs RES females. In breast, none of the five genes were found to differ

between the lines. No gene expression analyses were performed for females at 20 weeks of age.

Table 4: Relative gene expression in lung, thigh, breast muscles of 3 weeks old female birds
from SUS and RES lines divergently selected for ascites phenotype. Column headers and

data representations are as described for Table 2. NC is no significant change.

Gene Lung 3 Weeks Thigh 3 Weeks Breast 3 Weeks
11| Avg£SEM | Pvalue | 1] Avg £ SEM Pvalue | 1| Avg £ SEM | P value
AMPKal 1 | 043+£0.50 0.05 ! 0.87+0.28 0.19 NC 1.03+0.24 0.47
PPARGCI1A | | | 0.48+0.18 0.12 NC 1.01 £0.13 0.49 l 0.48+0.16 0.08
SIRT1 1 1.29+0.12 0.02 ! 0.98 £0.07 0.41 l 0.92 +£0.09 0.28
OPA1l 1 1.16 £0.17 0.22 ! 0.80+0.07 0.03 l 0.86 +=0.05 0.15
DNMI1L l | 0.60+£0.19 0.07 ! 0.60 +0.08 0.01 l 0.79+0.18 0.40

None of these key mitobiogenesis regulators appeared to correlate with the differences in

mtDNA/nucDNA ratios we observed for both genders between the two lines. However, in males,

we observed a reduction in the mtDNA copy number for SUS males from 3 weeks of age to 20

weeks of age in lung, thigh, and breast, although the levels remained relatively higher in breast
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272 of the SUS males than the RES males. Consistent with that difference at 3 weeks of age we saw a
273 decreased expression for OPA1l, and DNMIL genes in lung and breast SUS males relative to
274  RES males whereas at 20 weeks of age we observed a higher expression for PPARGCIA, SIRT]I,
275 and OPAI in only breast of SUS males relative to RES males. Additionally, AMPKal gene was
276  always expressed at lower levels in the breast and lung tissues of SUS males compared to RES
277 males at both ages. In general, we found no consistent gene expression pattern to explain the

278  marked gender and line differences in mtDNA copy number for these tissues.

279  Discussion

280  Mitochondrial dysfunction is well documented in a wide array of diseases and conditions,
281 such as Alzheimer's disease, cancer, and aging [31-33]. Mitochondria are central to ATP
282  synthesis, heat production, radical oxygen species (ROS) generation, fatty acid and steroid
283  metabolism, cell proliferation, and apoptosis [17; 34]. Alterations in mtDNA sequence or copy
284  number may contribute to mitochondrial dysfunction [35]. Thus, it is likely that imbalances
285  within the cell concerning mitochondria-centered metabolic pathways may contribute to ascites
286  syndrome. Our observations indicate that variations in mtDNA copy number could be an
287 important component in the pathoetiology of ascites syndrome in broilers. Using different
288  tissues, we have demonstrated that mtDNA copy number can be an important biomarker during
289  early developmental age for ascites syndrome susceptibility. Our results showed sizable tissue-
290  specific, and gender differences in the mtDNA/nucDNA ratio at early ages of broilers. The
291  possible existence of gender-specific differences in energy metabolism for particular tissues
292 might be a consequence of interplay between maternally inherited mitochondria and sex
293  chromosomes or differences in endocrine responses. In males, mtDNA/nucDNA ratio was

294  significantly higher in lung, thigh, and breast tissues from SUS line males at 3 weeks of age in
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295  comparison with RES line males. Conversely, mtDNA levels were significantly lower in lung
296  and breast tissues of SUS line females as compared to RES line females. The gender differences
297 may impact ascites phenotype considering that males are documented to have higher ascites
298  mortality than females [27-30] The observed elevation in the amount of mtDNA in lung, thigh
299  and breast muscle of SUS line males might be attributable to a compensatory response to the
300 decline in the respiratory function of mitochondria or a response to other metabolic regulatory
301 processes. An alternate explanation is needed for the reduced mtDNA copy number in lung and
302  breast muscle of SUS line females. One possible explanation is that differences in mtDNA
303 content of different sexes can be attributed to imbalances in oxidative stress due to higher female
304  estrogen levels. Previous work found that oxidative damage to mtDNA 1is 4-fold higher in males
305 than in females [36,37]. The lower oxidative damage in females may be attributable to the
306 protective effect of estrogens by upregulating the expression of antioxidant enzymes in
307 mitochondria via intracellular signaling pathways, thus decreasing oxidative damage and
308 increasing antioxidants defenses [36,37]. Moreover, fundamental sex differences in metabolism
309 under stressful conditions have long been observed in several organisms and may also be
310 influenced by intrinsic differences in genomic maintenance [38]. Absent from our analysis is any
311  determination of whether the differences in mtDNA content is associated with functional or non-
312  functional (defective) mitochondria. Future work could involve fluorescent detection systems
313  for visualizing mitochondria in SUS vs RES tissues to assess relative mitochondrial abundance

314  and functional state.

315 Bottje and Wideman hypothesized that mitochondrial dysfunction contributes to systemic
316  hypoxia that leads to ascites in broilers [9]. They reported that mitochondrial function is

317  defective in a variety of tissues (lung, liver, heart, and skeletal muscles) in male broilers with
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318 ascites where oxygen utilization is less efficient than in male broilers without ascites [4, 15, 16,
319  39]. They assessed the mitochondria function for both the respiratory control ratio (RCR); for
320 electron transport chain coupling, and for the adenosine diphosphate to oxygen ratio (ADP:0);
321  for oxidative phosphorylation. A decline in RCR and ADP:O ratio was detected in ascites
322  mitochondria relative to the non-ascites control. This may indicate functional impairment of
323  mitochondrial oxidative phosphorylation and less efficient utilization of oxygen than in control.
324  On the other hand, more efficient oxidative phosphorylation and lower oxidative stress were
325 observed in mitochondria obtained from broilers selected for genetic resistance to ascites.
326  Accumulation of hydrogen peroxide was observed in heart and skeletal mitochondria in broilers
327  with ascites and of oxygen radical production in ascites liver and lung mitochondria. Therefore,
328  there is no doubt that mitochondrial function is defective in broilers with ascites which leads to
329 increased production of ROS. It is possible that the observed significantly lower mitochondrial
330 biogenesis in male RES and REL lines is indicative of lower oxygen demand or ROS production.
331  However, it is yet not clear if increased levels of ROS are a secondary effect of development of
332  ascites or are associated with genetic susceptibility. Cisar et al. (2004) used immunoblots to
333  quantify cardiac mitochondrial electron transport chain (ETC) protein levels in the RES and SUS
334 lines under hypoxic challenge. ETC protein levels were similar in RES and SUS at ambient
335  oxygen pressure but were significantly elevated only in RES under hypoxic conditions. Our data
336 is for ambient oxygen levels only and based on mitochondrial DNA and not mitochondrial
337  proteins sugessting the possible involvment of mitochondrial proteins with ascites phenotype

338 [40].

339  Imbalance in mitochondrial biogenesis may only affect broilers at a young age when ascites is

340 most likely to develop. Contrary to 3 weeks of age, at 20 weeks of age males from the RES and
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341  SUS lines showed no differences in mtDNA copy number for lung and thigh. One additional
342  potentially confounding aspect is that the 20 week samples were from birds that had been feed
343  restricted since 5 week post hatch. Despite this, the difference in breast mtDNA copy number
344  was still higher for SUS males compared to RES males. Future investigations should examine
345  females for a similar ontological shift in mitochondrial biogenesis, as well as assess the impact of
346  feed restriction. Apparently, the consistent increase in mtDNA/nucDNA ratio between young
347 and old birds of the two lines is restricted to breast muscle which may reflect increased energy
348 demands or a compensatory amplification to overcome the loss of mitochondrial function or

349  oxidative stress.

350  Examination of mtDNA/nucDNA ratio in breast muscle from the REL line of male birds at 3 and
351 20 weeks of age indicate a similar pattern as the RES line. This was surprising since our research
352  lines, SUS and RES, were originally developed from the REL line. We expected to see a wider
353  range of mtDNA abundance in the REL line reflecting a composite of the SUS and RES patterns.
354 This may be the result of imbalance between the rate of biogenesis and clearance of
355  dysfunctional or old mitochondria in SUS vs REL and RES males. Alternatively, this may be due
356 to imbalance in mitochondrial-nuclear crosstalk is SUS vs REL and RES males. Our study
357  strongly supports a potential decrease in the mitochondrial function with oxidative stress, yet
358 overall mtDNA quantity increases by a feedback mechanism to compensate for general
359  mitochondrial dysfunction and damage in ascites-SUS male birds. However, the detailed

360 mechanism remains unclear.

361  We analyzed gene expression of some of the key regulators of the mitochondrial biogenesis in
362  ascites- susceptible and ascites- resistance lines of both genders. PPARGCIA is the master

363  regulator of mitochondrial biogenesis. This transcriptional coactivator coordinates the actions of
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364  several transcription factors that involved in the basic functions of the mitochondrion as well as
365 its rate of biogenesis [41, 42]. No changes in the PPARGCIA expression were detected in lung,
366  thigh, and breast tissues of both genders and lines at 3 weeks of age. However, consistent with
367 the observed increased mitochondrial biogenesis in in breast tissue of the SUS males at 20 weeks
368  old, the levels of PPARGCIA mRNA gene expression were almost 2-fold change higher relative
369 to the RES birds. Probably, the increased activity of PPARGCIA in breast muscle during sexual
370  maturity could play a role in enhancing mitochondrial respiratory capacity which attenuates the
371  development of ascites in SUS males. However, it has yet to be determined whether the
372  enhanced activity of PPARGCI1A is attributable to its promotion of mitochondrial function or its

373  effects on nonmitochondrial gene expression.

374  AMPKal gene regulates intracellular energy metabolism in response to acute energy crises and is
375  activated by an increase in AMP/ ATP ratio (energy depletion) and inhibited by the presence of
376  glycogen. Thus, to maintain energy homoeostasis, AMPKal switches on catabolic pathways that
377  generate ATP, while switching off anabolic pathways that consume ATP [42, 43]. Interestingly,
378  The AMPKal gene activity was notably down regulated in lung, and breast tissues at 3 and 20
379  weeks of age of SUS line males in comparison with RES line. In females, AMPKoal gene was
380  only downregulated in lung muscle of SUS line birds as compared to RES line at early age.
381  Several studies indicate another important role of AMPKal in the disposal of dysfunctional and
382  damaged mitochondria, process known as autophagy [43]. Any impairment of the mitochondrial
383  autophagy process is often accompanied by accumulation of dysfunctional or damaged
384  mitochondria that leads to increases in mtDNA content. Therefore, it is possible that the

385  observed AMPKol downregulation in SUS line as compared with the RES line caused
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386 insufficient removal of the damaged mitochondria which may explain the increase mtDNA

387  content in male birds of the SUS line as compared with the RES line.

388  OPAI gene plays an essential role in the inner mitochondrial fusion and maintenance of the
389  mitochondrial network architecture, which is essential for mitochondrial activity and biogenesis.
390 DNMIL is the master regulator of mitochondrial division in most eukaryotic organisms [44].
391  Remarkably, at 3 weeks of age, both OPAl and DNMI1L mRNA expression were significantly
392  decreased in lung, and breast tissue of SUS line males, and in thigh of SUS line females as
393  compared with RES line. Downregulation of DNMIL and OPAI genes in these tissues at this
394  early age may reduce the efficiency of mitochondrial autophagy and causes accumulation of
395  dysfunctional mitochondria. Consequently, the mitochondria are not able to re-fuse with the
396  mitochondrial network after fission leading to increase in fragmented mitochondria and mtDNA
397 accumulation. Conversely, at 20 weeks old, the OPA 1 was found to be significantly upregulated
398 in breast tissue of SUS line males as compared with RES line which may reflects the enhanced
399 activity in the mitochondrial biogenesis and the quick clearance of damaged mitochondria in

400  breast muscle as birds advance in age.

401  SIRTI, a metabolic sensor that belongs to the sirtuin (NAD+ —dependent deacetylases) family
402 and its activity can increase when NAD™ levels are abundant, such as times of nutrient
403  deprivation. SIRTI stimulates mitochondrial biogenesis via deacetylation of a variety of proteins
404  in response to metabolic stress [42, 45]. In our study, SIRTI was overexpressed in breast tissue
405  of SUS line males at 20 weeks old and in lungs of SUS line females at 3 weeks of old compared

406  to RES birds.

407  In summary, our findings indicate clear sex differences in mitochondrial biogenesis establishing

408  a strong association between the mtDNA content and ascites-susceptibility and ascites-resistance
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409 in a tissue-specific manner. The mtDNA/nucDNA levels could serve as potential predictive
410 markers to screen for ascites phenotype in birds at early developmental ages. Moreover, this
411  study confirms that the consistent increase in the mtDNA/nucDNA ratio between young and old
412 birds is only restricted to breast muscles. However, it is worth noting that mitochondrial
413  biogenesis is tissue specific. This is because every type of cell and tissue has a specific
414  transcriptional profile, and consequently unique features of metabolic pathways. Our study
415  suggests the possible contribution of the lower expression of AMPKa, OPAI, and DNMIL genes
416  in mitochondrial biogenesis defects in male SUS birds which leads to increase in mtDNA content
417 in some tissues at early ages. Furthermore, our data is consistent with a possible role of
418  PPARGCIA in breast tissue of SUS line males in controlling ascites syndrome progression and
419 improved regulation of mitochondrial biogenesis at older ages. Nevertheless, we have no clear
420  evidence for what genes or regulators are driving the observed sizable sex-differences in mtDNA
421  copy number at an early age. Despite our findings, the precise mechanism that explains the
422  association between mtDNA copy number and ascites syndrome remains unknown. To address
423  this further in the future, we need to test larger sample numbers, more tissues, and different
424  populations/crosses. Our observations are based on a single experimental series and, although
425  our results agreed with our previous data, we cannot wholly determine if this phenomenon is a
426  cause or effect or limited to the tissues used in this study. Regardless of the limited number of
427  replicates used, our study had sufficient statistical power to detect significant differences in
428  mtDNA/nucDNA ratio and gene expression analysis. Future research should focus on finding

429  mitochondrial biogenesis causal genetic regulators and exploring whether they are connected or

430 unrelated to changes in the mtDNA.
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