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Abstract

Chromosome abnormalities are well documented in human spontaneous abortion
studies, yet rarely reported in domesticated animals. Rodent models have previously been
used to study the effects of maternal ageing on oocyte quality and ultimately aneuploidy,
however the differing endocrine profiles, oocyte characteristics and the polytocous nature of
rodents are limitations for translation into human medicine. Early Pregnancy Loss (EPL)
occurs in 5-10% of confirmed equine pregnancies and has no diagnosis in over 80% of cases.
Aneuploidy has never been described in equine pregnancy loss, thus the objectives of this
study were to quantify the frequency and characteristics of aneuploidy associated with equine
EPL. EPL conceptuses were submitted from clinical cases of spontaneous pregnancy loss
(14-65 days of gestation) between 2013 and 2018. Age matched control conceptuses were
obtained from terminated clinically normal pregnancies (CNP). Aneuploidy was detected in
12/55 EPLs (21.8%), 0/10 CNP, 0/5 healthy term chorioallantois, and 0/5 healthy adult mares
via genotyping. Whole genome sequencing (30X) and ddPCR validated results. Aneuploidies
involved 10/32 equine chromosomes, consisting of nine trisomies and three monosomies.
Autosomal aneuploidies were detected in both placental and fetal compartments in all samples
tested. Aneuploid types (7/9) were mostly unique to EPL, supporting their embryonic/fetal
lethality. Presenting the first evidence of aneuploidies in failed equine pregnancies not only
provides the initial step in identifying genetic causes for these early losses, but also offers the
horse as a new model for studying naturally occurring aneuploidy. We also demonstrate that
SNP arrays provide a simple, cost effective way to screen aneuploidies across a large

population.

Author Summary
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The first 8 weeks of pregnancy is a critical time in both humans and horses, as the
majority of pregnancy losses occur during this period. Despite such high prevalence, many
cases do not have a known cause. Abnormal chromosome number (aneuploidy) is the most
common finding in human pregnancy loss studies, but to date no equivalent study has been
performed in domesticated animals, including the horse. We studied the genetics of naturally
occurring pregnancy losses from Thoroughbred horses and found a similar level of aneuploidy
to that observed in women. As humans and horses share similarities in their reproductive
biology (ageing eggs, increased pregnancy loss in older mothers, similar key hormones), we
suggest that by comparing the genetics of these two species, greater advances in identifying
causes of aneuploidy pregnancy can be reached. Thoroughbred horses also tend to be more
inbred than humans, facilitating the identification of mutations that increase the chance of
aneuploidy, and this knowledge could potentially be applied in human medicine, as well as in

species conservation.

Introduction

Early pregnancy loss (EPL) represents the largest contributor to reproductive failure in
many mammalian species [1-3]. In women, EPL causes emotional distress, and in domestic
species it negatively impacts breeding economics, as well as introducing potential welfare
issues [4, 5]. Between 5-10% of confirmed equine (Equus caballus) pregnancies end in the
first 8 weeks [2] and despite intensive management strategies, the incidence has remained
relatively stable over the past few decades [2, 6]. While there are many factors that increase
a mare’s risk of EPL [7], these are not always causative per se, and in over 80% of EPLs no
formal diagnosis is achieved [2], with the remaining 20% being diagnosed as either infectious
(~4%) or non-infectious (~16%) in nature [2, 8]. In unexplained equine EPLs, genetic
abnormalities are often attributed as a potential underlying cause, yet this remains unproven
beyond a few case studies detailing balanced autosomal translocations in phenotypically

normal mares with affected fertility [9-14]. Advancing maternal age has been consistently
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81 associated with pregnancy loss in many species [7, 15]. Whilst an abnormal uterine
82  environment, more prevalent in aged mares, is likely to be a contributing factor, experiments
83 involving the transfer of embryos from young mares into old mares (and vice versa) have
84  suggested that this is not the main age-related underlying cause [16]. Oocytes from aged
85 mares are of lower quality compared with younger fertile mares [17-19], indicating oocyte
86 quality as a more likely risk factor for pregnancy loss.

87 Aneuploidy (gain or loss of a whole chromosome) is well documented in human
88  spontaneous abortion [20, 21] and is associated with advancing maternal age. Some human
89 autosomal trisomies (13, 18, and 21) have been identified in infants following live births,
90 although these usually present with significant developmental pathologies [22] with only
91 trisomy 21 individuals surviving to adulthood [23], and no documented surviving monosomies.
92 The remainder of chromosomes that experience autosomal aneuploidy have only been
93 identified in spontaneous abortion samples, leading to the theory that certain chromosomes
94  do not tolerate aneuploidy and are therefore embryonic/fetal lethal.

95 While more commonly reported in humans, aneuploidy has also been noted
96 occasionally in domesticated species including live born calves [24-26], dogs [27] and live
97  born foals [28-30]. Equines reported to survive to term are often euthanised at a young age
98 due to extreme developmental defects [28-30]. In species with reported live born individuals
99  with autosomal aneuploidies, all are trisomies with no reported monosomies in the literature
100 [31]. This indicates that while some trisomies may be tolerated to term, monosomies are
101  always lethal at some stage during pregnancy. Very few studies have investigated aneuploidy
102 rates in spontaneous abortion of any non-human species. One study karyotyped 55 bovine
103  spontaneous abortions [32] identifying 6 individuals with chromosomal abnormalities (4
104 trisomies, 1 translocation, and 1 male/female chimera). This has led to the suggestion that
105 high rates of aneuploidy associated with pregnancy loss might be a human-specific event.
106  Investigations analysing in vitro or in vivo generated blastocysts have identified chromosomal
107 abnormalities in a number of species including equine [33], bovine [34], ovine [34], and
108 leporidae [35]. It is important to note that these blastocysts have been purposely prevented

4
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109  from achieving a pregnancy, and therefore the outcome of these chromosomal abnormalities
110 cannot be determined. Further to this, the relevance of these observations in blastocysts to
111  naturally conceived pregnancies is untested.

112 Previous attempts to identify chromosomal abnormalities in equine abortions have
113 been largely unsuccessful [36, 37], but the successful isolation of conceptus material and
114  culture of trophoblast cells from early abortus material [38] opens up the possibility for
115  investigation into genetic and chromosomal causes of EPL in the mare. While karyotyping of
116  cells has been used as the gold standard for aneuploidy analysis, it requires much expertise
117 and time to generate results in large numbers. As technologies have progressed, new
118  methods are emerging that may replace karyotyping as gold standard, allowing for higher
119  throughput analysis and diagnosis of aneuploidy, even in degrading conceptus tissues. Whole
120 genome sequencing (WGS) is one potential method, however the cost is still too high for this
121  to be a viable solution. Single Nucleotide Polymorphism (SNP) Arrays are a lower cost, high
122 throughput method that may offer an answer. A low-density SNP array (Equine SNP50
123 BeadChip) has previously been used to detect aneuploidy in two live born horses suspected
124  of chromosomal abnormalities [30], offering evidence for the validity of this methodology.

125 In order to explore whether aneuploidy is a feature of failed pregnancies in
126  domesticated animal species, we utilised methods previously reported [38] to generate a large
127  bank of conceptuses from naturally occurring clinical cases of EPL in mares. We hypothesised
128 that due to the rarity of aneuploidy in foals born at term, aneuploidy presents as
129  embryonic/fetal lethal and will be detectable in both placental and fetal compartments
130  consistent with possible origins in maternal meiosis. The primary aim of this study was to
131  quantify the frequency and characteristics of aneuploidy associated with EPL in the mare.

132

133 Results

134  Descriptive data of SNP array sample population
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135 The median gestational age of the early pregnancy loss (EPL; n=55) and clinically
136  normal pregnancies (CNP; n=10) conceptuses was 42(+12.5SD) and 33.5(x10.1SD) days
137  respectively (Fig 1A). The range of gestational ages was 14-67 and 29-64 days for EPL and
138  CNP respectively and were not significantly different (p=0.1957) (Fig 1A). There was no
139  significant differences in the median maternal age of the EPL and CNP samples (10+4.9SD
140 and 9.5+6.3SD years respectively, p=0.8967), which ranged between 3-12(EPL) and 2-
141  20(CNP) years (Fig 1B). All EPL conceptuses came from individual mares, while the CNP
142  conceptuses came from a pool of 7 mares, 3 of whom provided two conceptuses. Male and
143  female conceptuses were equally represented on the array (p=0.167) (Fig 1C). Chorioallantois
144  tissue was obtained from five term births following the normal delivery of a healthy foal. DNA
145  from the dams of the CNPs were used as healthy adult controls. The five Thoroughbred mares
146  aged 2 to 20 years were reproductively sound.

147

148  Fig 1. Description of sample population on the SNP Array. No significant difference was
149 found in the average (A) gestational age or (B) mare age of pregnancies within the early
150 pregnancy loss (EPL) and clinically normal pregnancy (CNP) groups. Mean with standard
151  deviation plotted. (C) Males and females were equally represented on the array for the EPL,
152 CNP, and healthy term placentae. All adults were females.

153

154  Concordance of SNP genotypes

155 Concordance analysis of the SNP genotype calling was used to assess the
156  accuracy/repeatability of the SNP array (Fig 2A). Matching allantochorion (ALC) and fetal
157  samples (from the same conceptus) had a median concordance of 98.7% (range 97.4-99.3)
158 and were significantly different to samples not known to be related (median concordance of
159  70.7%, range 62.9-78.6, p<0.0001). Samples from pregnancies known to be half siblings were
160  not significantly different from those known to be full siblings (median concordance 74.7 and

161  81.2, respectively, range 67.0-76.7 and 81.1-83.0, respectively). Tissue repeats (different
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162  regions of the same allantochorion) had a median concordance of 99.1% (range 98.9-99.4)
163  while technical replicates (different aliquots of the same DNA sample) had a median
164  concordance of 99.1% (range 99.0-99.4). The sex of the conceptus was determined by PCR
165 (Fig 2B) and compared with the predicted sex based on the copy number of X chromosome
166  as visualized by IGV (Fig 2C). There was 100% agreement (75/75 individuals tested) in the
167  sex of the tissue as determined by PCR and IGV visualisation.

168

169 Fig 2. Initial validation of results and identification of aneuploid chromosomes. (A)
170  Concordance analysis of the SNP calls for each sample (n=96). Samples from the same
171  conceptus (“Match” — matching fetal and allantochorion DNA) were significantly different to
172 samples that were not known to be related at all (“Unrelated”, p<0.0001). “Half-sib” compared
173  the concordance of individuals sharing one parent, while “Full-sib” compared those that shared
174  both parents. “Bio rep” indicates the comparison of three regions across the allantochorion of
175  a single conceptus, while “Tech rep” compared a single aliquot of DNA from the same region
176  of allantochorion of a single individual. “Mat-Con” compared the concordance of maternal DNA
177  with the corresponding offspring DNA. Median with interquartile range plotted. (B) Sex
178  determination using standard PCR with primers for Sex determining Region of Y (SRY; Y
179  chromosome; 131 bp) and Androgen Receptor (AR; X chromosome; 293 bp) validated the X
180 chromosome copy number status. Confirmed male and female equines as positive controls,
181 and ddH,0 as no template control (NTC). *200bp band on low MW ladder. (C) Examples of
182  whole genome copy number visualisation with Integrative Genomics Viewer. Chromosome
183  number is displayed horizontally across the top axis, with the centre horizontal line indicating
184  acopy number of 2 (diploid). Allantochorion of (1) female trisomy 1 EPL, (lI) female monosomy
185 27 EPL, and (lll) male diploid CNP, along with (IV) male diploid term chorioallantois and (V)
186  female adult peripheral blood mononuclear cells. (D-l) Analysis of chromosome characteristics
187 comparing D) and G) chromosome length, E) and H) the total number of genes, and F) and I)
188 the gene density per chromosome. Top panel compares the autosomal chromosomes that

189  were found to be aneuploid within the EPL subpopulation of this study to those not identified

7
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as involved in aneuploidy (n=31 for each graph). Bottom panel compares characteristics of
aneuploid autosomal chromosomes previously reported in live born equines with those unique

EPLs in this study (n=10 per graph). Mean with standard deviation plotted.

Aneuploidies identified in failed equine pregnancies

Aneuploidy of at least one chromosome was found in 12/55 EPL pregnancies (21.8%),
as compared with 0/10 CPN manually terminated pregnancies, 0/5 healthy term, and 0/5
healthy reproductively sound adult mares (Fig 2C, Table 1). Aneuploidies were noted on 10/32
chromosomes (1, 3, 15, 20, 23, 24, 27, 30, 31, and X), representing both trisomies (9/12) and
monosomies (3/12). Aneuploidies were noted as single events in each pregnancy (only one
chromosomal imbalance event), except for chromosomes 23 and 24 which occurred together
in a single failed pregnancy (Table 1). Only 2 of the autosomal aneuploidy types have
previously been reported in live born equines (trisomy 30 and trisomy 23) with the remaining

7 aneuploidy types being unique to this study (Table 2).

Table 1. Aneuploidy noted in 12/55 early pregnancy loss (EPL) equine conceptuses.

Gestational Maternal Maternal .

Sample ID [Sex Ade (davs Age Breed Aneuploidy noted
ge (days) (years)

14A101 % |F 14 4 WB Trisomy 1
18TB10 M 31 6 B Trisomy 3
18TBO7* |F 28 19 B Trisomy 15
14TB02 M 42 19 TB Trisomy 20
16TB02 F 58 13 B Trisomy 20
18TB09* M 42 3 B Trisomy 23 and 24
16TB09* |F 60 10 TB Monosomy 27
18TB08 F 42 19 B Monosomy 27
16TBO3 M 32 19 B Trisomy 30
18TB05* |F 41 9 B Trisomy 30
18TB15 F 29 10 WB Monosomy 31
17TB02 F 26 13 B Trisomy X

All samples from allantochorion (ALC) except *yolk sac of day 14 conceptus. *conceptuses
with both ALC and fetal (F) tissue present on the array, F = female, M = male, TB =
Thoroughbred, WB = Warmblood
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Table 2. Comparison of autosomal aneuploidy types unique to our study (rows above
the black line) and those also reported in live born equines (below the line).

. Genes per EPL conceptuses Live born
Aneuploidy | Chromosome
type size (Mb) chromosome n Maternal age Maternal
(n) (years) age (years)
Trisomy 1 188.3 1683 1 4 0 NA
Trisomy 3 121.4 883 1 6 0 NA
Trisomy 15 92.9 664 1 19 0 NA
Trisomy 20 65.3 738 2 13 and 19 0 NA
Trisomy 24 48.4 453 1* 3 0 NA
Monosomy 27 40.3 232 2 10 and 19 0 NA
Monosomy 31 26 154 1 10 0 NA
Trisomy 23 55.6 294 1* 3 1 -2
Trisomy 26 431 232 0 NA 1 3/
Trisomy 27 40.3 232 0 NA 3 5b26¢ -4
Trisomy 28 47.3 388 0 NA 1 14 ¢
Trisomy 30 31.4 185 2 9and 19 2 23f _d
Trisomy 31 26 154 0 NA 1 268

EPL = early pregnancy loss, NA = not applicable, * = same conceptus trisomic for two
different chromosomes, - = unreported mare age. ¢[39],? [29], ©[28], ¢[30], ¢ [40], / [41],
9[42].

Aneuploidy was detected in both large and small autosomes (range 26-188.3 Mb),
along with chromosome X. There was no significant difference between the mean length (+SD)
of the autosomal chromosomes detected as aneuploidy compared with those undetected
(74.4152.4 and 73.3+26.0 Mb respectively, p=0.25) (Fig 2D). The mean number of genes per
autosomal chromosome did not significantly differ between the aneuploidy and non-
aneuploidy chromosomes (587.3+486.9 and 681.5+326.9 respectively, p=0.53) (Fig 2E). The
median density of autosomal chromosomes did not significantly differ between those detected
as aneuploidy and those not detected (814.5 and 7+1.9 genes per Mb, respectively, p=0.246)
(Fig 2F).

The mean length (+SD) of autosomal chromosomes previously reported in aneuploidy live

born foals (40.6 Mb £10.71) were significantly shorter than those that are unique to this study
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231 and only reported in EPL conceptuses (103.3 Mb = 55.04) (p=0.022) (Fig 2G). The mean
232 number of genes on each autosomal chromosome was significantly different between
233  chromosomes reported in live born and those unique to this study (247.5+83.70 and
234  884.2+472.7 genes per chromosome, respectively, p=0.01) (Fig 2H). Autosomal
235 chromosomes not previously documented in aneuploidy individuals had on average a
236  significantly higher gene density compared with those that have also been reported in the
237  literature (6x1.1 and 8.611.7 genes per Mb, respectively, p=0.013) (Fig 2I).

238

239  Validation of SNP Array results by WGS and ddPCR

240 Whole genome sequencing (WGS) was performed on 5 CNP, 6 EPL diploid
241  conceptuses, and 1 EPL (18TB08) with monosomy 27 according to SNP genotyping. Average
242  read coverage for chromosome 27 in 18TB08, was approximately half of that for other
243  chromosomes, indicating a monosomy (Fig 3A). For all other WGS samples without
244  aneuploidy indicated by SNP array analysis (n=11), the average read coverage for each
245  chromosome was equal (Fig 3A). Next, digital droplet polymerase chain reaction (ddPCR) was
246  performed to further validate the presence of trisomy 1 (14Al01) (Fig 3B) and monosomy 27
247  (16TB09 and 18TB08) (Fig 3C) using genes on chromosome 18 as a reference. Two control
248 samples (CNP; 1806, 1808) had an approximate copy number of 2 for both genes on
249  chromosome 1 (ACTC1 and SHTN1). The trisomy 1 EPL had an approximate copy number of
250 3.5 for both genes on chromosome 1 while the two monosomy 27 EPLs that were diploid for
251  chromosome 1 had an approximate copy number of 2. The CNPs (1806, 1808) and the trisomy
252 1 EPL had an approximate copy number of 2 for both chromosome 27 genes NRG7 and
253  ANGPT2 while the two monosomy 27 EPLs had an approximate copy number of 1 for both
254  genes (Fig 3C).

255

256  Figure 3. Validation of results by Whole Genome Sequencing and digital droplet PCR.
257  (A) Whole genome sequencing (WGS) of 12 of the array samples (n=1 aneuploidy EPL grey
258 dashed line, n=3 non aneuploidy EPL grey, n=4 CNP black). Average coverage per

10
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259 chromosome calculated with SAMtools from GATK. Graph presents the chromosome as a
260  percentage of the autosomal average. Digital droplet PCR (ddPCR) of (B) chromosome 1
261 genes ACTC1 and SHTN1, and (C) chromosome 27 genes NRG1 and ANGPT2 across 5
262  samples (n=2 CNP, n=1 trisomy 1 EPL, n=2 monosomy 27) relative to the reference region
263 (MCMB®6) on chromosome 18. Primers were designed for two regions at the end of each
264  chromosome. All samples were analysed in duplicate. (D) ddPCR of chromosome 27 (NRG1)
265 in duplicate. Diploid and monosomy 27 DNA was mixed at different ratios to represent varying
266  levels of mosaicism. Copy number was normalised to the MCM6 reference region on
267 chromosome 18 and all samples were analysed in duplicate. Negative correlation was noted
268  between the copy number of chromosome 27 and increasing concentration of monosomic
269 DNA (R=-0.9882, p<0.0001). (E) DNA from allantochorion (ALC) and fetus (F) of two different
270  conceptuses (n=1 diploid CNP, n=1 monosomy 27 EPL), analysed in duplicate for the two
271  regions of chromosome 27 genes. (F) DNA from three different regions of allantochorion (ALC)
272 of 16TB09 (monosomy 27) analysed with ddPCR to identify whether conceptus 16 TB09 was
273  a mosaic. All regions were analysed in duplicate with chromosome 27 genes and normalised
274  to the MCMG6 reference on chromosome 18. Error bars indicate standard deviation.

275

276  Mosaicism is not a common feature of equine aneuploid conceptuses

277 Aneuploid human pregnancies have been shown in some cases to be mosaic [43, 44]
278 so we investigated the ploidy status within and across fetal tissues. DNA sequences of
279  matching allantochorion (ALC) and fetal (F) tissues from 14 pregnancies (n=8 EPL, n=6 CNP)
280 were assessed using IGV. Where aneuploidies were identified in the ALC gDNA (16TBO09,
281  18TBO05, 18TB07, 18TB09) the same aneuploidies were always noted in the fetal gDNA.
282  Matching ALC and F tissues of non-aneuploid conceptuses, also shared the same diploid
283  status (n=10). An artificial mosaic (varying ratios of normal and aneuploid DNA) was analysed
284 by ddPCR and demonstrated what a mosaic monosomy result would look like when analysed

285  with ddPCR. The aliquot with 100% diploid DNA had a copy number of 2 for chromosome 27,

11
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286  while the aliquot with 100% monosomic DNA had a copy number of 1 for chromosome 27.
287  The copy number of chromosome 27 was negatively correlated (R = -0.9882, p<0.0001) with
288  the increasing volume of monosomic DNA (Fig 3D). Digital droplet PCR (ddPCR) for two
289  genes on chromosome 27 (NRG1 and ANGPT2) further confirmed the diploid status of both
290 ALC and F from a CNP conceptus (1808), and the monosomy 27 status of both ALC and F
291  from an EPL (18TBO08) (Fig 3E). Next, we investigated the presence of monosomy 27 in three
292  independent ALC tissue samples collected from different regions of the placentae. All three
293  regions of the ALC tested were found to have monosomy 27 (Fig 3F).

294

295 Phenotypes of EPL and clinical analysis

296 Of the 55 EPL pregnancies analysed, 34 had a fetus confirmed present within the
297 conceptus. There was no significant difference in aneuploidy occurrence between
298  conceptuses presenting with a fetus and those without a fetus (p=0.361). Of the 12 aneuploidy
299  conceptuses, 3 did not have a fetus at dissection; one was too young for an embryo proper
300 (Trisomy 1, 14 days old), one was submitted as a complete and intact conceptus with a
301  suspected embryonic disc only with no evidence of vasculature (Monosomy 31, Fig 4A — age
302 matched CNP for comparison Fig 4B), and one had evidence of a fetus recorded in clinical
303  records but no fetus was present at dissection (Trisomy X). One submission was accompanied
304 by autolytic fetal remnants (trisomy 20) and the remaining 7 aneuploid EPLs presented with
305 an intact/partially intact fetus of variable phenotypes. A 32 day trisomy 30 embryo proper (Fig
306 4C) appeared to have distorted and mismatched developmental features compared with the
307 age matched CNP embryo proper (Fig 4D), although autolytic changes impaired full
308 assessment of this EPL specimen. The day 60 monosomy 27 fetus (Fig 4E) appeared
309 oedematous and congested when compared with the day 64 CNP fetus (Fig 4F) consistent
310 with an abnormal vasculature phenotype.

311
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312  Figure 4. Phenotypes and clinical analysis of aneuploidies. (A) Monosomy 31, 29 day
313  gestation failed conceptus and (B) age matched 29 day clinically normal conceptus. (C)
314  Trisomy 30, 32 day gestation failed embryo proper and (D) age matched 33 day clinically
315 normal embryo proper. (E) Monosomy 27, 60 day gestation failed fetus and (F) age matched
316 64 day clinically normal fetus. Scale bar = 1cm for all images. (G) Gestational age, (H) stallion
317  age, and (I) mare age did not significantly differ between aneuploidy EPLs and non-aneuploidy
318 EPLs. Mean with standard deviation plotted.

319

320 None of the variables analysed (conceptus sex, maternal age, paternal age,
321  gestational age, breed, use of ovulation induction, twin pregnancies, positive bacterial growth
322  from a uterine swab at time of loss) were significantly associated with risk of aneuploid EPLs
323  (Fig.4G-l, S1 Table). Next, we compared the likelihood of a mare ending the season with a
324 live foal after suffering either an aneuploid EPL or a non-aneuploid EPL. Mares who suffered
325 an EPL after 43 days when endometrial cups are established were excluded. Mares who
326  suffered aneuploidy EPL were significantly more likely to end the season with a live birth (3/4
327  mares) compared to those with a diploid EPL (2/15 mares) (p=0.0374).

328

329 Discussion

330 An abundance of reports into human miscarriages, cite aneuploidy as the greatest
331 cause of the pregnancy failure [20, 21]. In contrast, reports of aneuploidy associated with
332  pregnancy loss in domesticated animals is rarely reported, and never in the horse. Here we
333 identified autosomal aneuploidies in 20% of naturally occurring equine EPL conceptuses,
334  slightly lower than the 35-50% reported in women [20, 45] possibly explained by the shorter
335 gestational time frame used in our study. Seven of the aneuploidy types we described were
336  unique to the study, including two monosomies. Further, none of the pregnancies assessed
337 across both fetal and placental compartments were mosaic, collectively providing evidence

338 thatthese aneuploidies are likely to be embryonic/fetal lethal and zygotic in origin. Additionally,
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339 the Axiom™ Equine Genotyping Array proved to be a successful methodology to identify
340 aneuploidies verifiable by whole genome sequencing and ddPCR.

341 In mammalian species studied to date, very few aneuploidies are tolerated to term.
342 Whereas partial monosomies have been identified in humans [46], no cases of complete
343  autosomal monosomy compatible with birth have been recorded in any species. Therefore, it
344 s highly likely the monosomic conceptuses described here involving chromosomes 27 and 31
345 failed due to decreased gene dosage resulting in embryonic/fetal lethality. While trisomies can
346  presentin live borns, the best known being trisomy 13 and 21 in humans, the phenotypes vary
347  considerably [47]. In humans, the phenotypes of trisomy 21 (Down’s syndrome) include fetal
348 loss [48], heart disease [49] and early onset Alzheimer’s disease [50]. In the horse, there are
349  only 8 individual case reports of aneuploid live borns, involving chromosomes 23, 26, 27, 28,
350 30, and 31. These presented with variable congenital abnormalities involving the
351 musculoskeletal, neurological, and vasculature systems [28-30, 39-42]. Of these six equine
352  aneuploidy types tolerated to term, only trisomy 30 was also identified in EPL conceptuses.
353  How equine trisomy 30 can result in both a fetal lethal and live born phenotype is not known,
354  although studies of similar phenotypic variation in Down’s Syndrome are reported, suggesting
355 the elevated transcript levels generated by the genotype could be modified by genes on other
356 chromosomes and/or the environment to initiate and exacerbate the resultant phenotype [51].
357 The remainder of the trisomy EPLs identified here have not previously been reported.
358 The aneuploid chromosomes unique to failed pregnancies were found to be on average
359  significantly larger, more dense, and with more genes compared with those that present a
360 mixed phenotype (EPL/live born) consistent with the hypothesis that duplication or deletion of
361 larger chromosomes are more likely to result in greater genetic imbalances and hence earlier
362 lethality. Indeed, amongst our autosomal trisomies, those involving the largest chromosomes
363  (trisomy 1, 3, and 15) were from pregnancies that failed at the youngest gestational ages (days
364 14, 32, and 28, respectively). The equine pregnancies assessed here were all clinically
365 recognised, therefore the overall incidence of aneuploidy in equine pregnancy is predicted to
366  be higher than the 22% we report. In support of these, there is a report of aneuploidy of larger
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367 chromosomes (2 and 4) in in vitro and in vivo generated equine blastocysts [33]. These
368 aneuploid types were not identified here but given the size of these two chromosomes, it is
369 plausible that their phenotype is embryonic lethal prior to clinical detection.

370 Mosaicism indicates a somatic mutation that occurred during the mitotic divisions of
371 embryo development, with a negative correlation between developmental time at error and
372 the degree of mosaicism. The combination of aneuploidy type, the degree of mosaicism, and
373  the tissue compartment location determines the severity of the phenotype [52]. Mosaicism,
374  and the percentage of the cells that it inhabits, offers an insight into the initial starting point of
375 the aneuploidy. For a true aneuploidy (100% of cells containing the imbalance), the imbalance
376  must have occurred prior to conception. The imbalance more commonly occurs within the
377  oocyte (during meiosis | or 1), with as high as 93% of human trisomy 21 cases being maternal
378 in origin, but can also occur within spermatocytes [53]. Here we tested the matching
379 allantochorion (ALC) and fetus (F) of 9 EPL and 6 CNP conceptuses, and multiple
380 allantochorion samples from two separate conceptuses using a combination of SNP analysis
381 and ddPCR. We found that the aneuploidy status was consistent between and within tissue
382 compartments in all individual pregnancies tested, indicating a true aneuploidy instead of a
383  mosaic and suggesting they were maternally or paternally derived, as is commonly found in
384  humans [53].

385 Advancing maternal age is associated with decreased quality of oocytes (reviewed in
386 [54]), from altered epigenetic profiles [55] and mitochondrial DNA deletions [56]. Aged oocytes
387 also display altered microtubule spindle alignment [57] and weakened centromere cohesion
388  [58] resulting in increased risk of aneuploidy. In the mare, advancing maternal age significantly
389 increases the risk of chromosome misalignment [19] and early pregnancy loss [7]. Therefore
390 we proposed that advancing mare age would increase the risk of aneuploidy. Whilst
391 numerically there was an increase in the proportion of aneuploid pregnancies in older mares,
392  there was also an increase in the proportion of very young mares with aneuploid pregnancies
393  and neither were statistically different to the non-aneuploid EPL pregnancies. It is possible
394  that this reflects the fact that non-aneuploid EPLs are also at increased risk with advanced
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395 maternal age, as age is associated with increased endometrial disease [59]. To accurately
396 assess the impact of maternal age on aneuploidy, we would need to compare the maternal
397 age of aneuploidy pregnancies to a cohort of mares with successful pregnancies over the
398 same years, but due to the spread of mares across multiple practices, this was not realistically
399 achievable within this study. The identification of embryonic lethal aneuploidy EPLs in very
400 young mothers has been reported in human medicine [60].

401 Advancing paternal age at the time of conception has been linked with an increased
402  risk of congenital abnormalities in humans [61] due to the increased risk of mitotic errors
403  associated with continuous spermatogenesis, with approximately 1-2% of spermatozoa from
404  donors being aneuploid [62]. It has been investigated as a potential risk factor for aneuploidy
405  in human pregnancy losses, with no significant associations detected [63]. We also found that
406  paternal age has no association with an increased risk for aneuploidy EPLs, however paternal
407  age may still influence the risk of smaller genetic abnormalities.

408 While mice models of oocyte ageing has led to evidence of DNA fragmentation [64]
409 and an altered gene expression patterns [65], the fundamental differences between rodents
410 and humans may mean that these findings are not always transferrable to human medicine.
411 Rodents are polytocous and display differing endocrine profiles compared with humans.
412  Mares, on the other hand display similar endocrine profiles (notably follicle stimulating
413  hormone levels) to women, particularly with regards to ageing (reviewed in [66]). As discussed
414  above, advanced maternal age is associated with higher incidence of pregnancy loss in both
415  species [2, 15]. Our study highlights that aneuploidy rates are similar between human and
416  horse natural occurring pregnancy losses, show a similar propensity to be maternally or
417  paternally derived, and a possible bias towards very young and old mothers being at risk. We
418  suggest that the horse may be a viable alternative system to study the underlying mechanisms
419  of aneuploidy and in the future test novel therapeutics, for application in human medicine.
420 Of the 20 individuals with autosomal aneuploidy reported to date (combining reports in
421  the literature with our study), it is of note that approximately 45% involve chromosome 27 or
422 30 (5 trisomy live born [28-30, 41], two monosomy 27 EPLs, and 2 trisomy 30 EPLs). The
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423  underlying mechanisms of why certain chromosomes would be more susceptible to
424  aneuploidy is not known with further studies warranted. Chromosomes 27 and 30 are among
425 the most gene poor equine autosomes (6 genes/Mb each), possibly explaining their higher
426 incidence. The difference in lethality of chromosome 27 is interesting as it appears that
427  trisomies of this chromosome are viable to term, and display varying characteristics within 24
428  months of birth including cryptorchidism, bilateral carpal flexural deformity and an inability to
429  suck [28], skeletal abnormalities and a failure to thrive [30], and atypical gait and reduced
430 social skills [29]. Our study has added to the list of chromosome 27 aneuploidies by
431  documenting 2 monosomies in early failed pregnancies. Both of these monosomies displayed
432  extreme oedema with intact vasculature. The oedematous and congested phenotype of one
433  of the EPLs indicates a potential for cardiac failure. The trisomy 30 live borns included a small
434  sized Arabian filly with angular limb deviation [41], and a 4yo Welsh Pony colt with ventricular
435  septal defect, scoliosis, and facial asymmetry [30]. One of the trisomy 30 EPLs appeared to
436  have prominent cervical curvature, and severe head deformities, while the other lacked
437  protrusion of neck and muzzle, with an unusual positioning of the spine. All four of these
438 trisomy 30 individuals appear to be connected by skeletal abnormalities, suggesting the
439  genetic imbalance associated with trisomy 30 disrupts mechanisms involved with correct
440  skeletal development.

441 The phenotype of the identified aneuploid EPLs was variable with gestational ages
442  (ranging from 14 to 64 days), fetal and clinical presentations. Contrary to our initial hypothesis,
443  aneuploidy EPLs were not significantly associated with an anembryonic status with only 1/12
444  aneuploidy pregnancies phenotypically presenting as anembryonic and the proportion of
445  anembryonic aneuploidy EPLs not differing to the proportion of anembryonic diploid EPLs.
446  Based on the variables we studied, an aneuploidy pregnancy was also clinically
447  indistinguishable from diploid pregnancies. Unfortunately, due to the low numbers, we were
448  unable to investigate individual aneuploidy subtypes to identify clinical features associated
449  with a particular aneuploidy type. However, it is of note that we found that mares who suffered
450 ananeuploid EPL, were significantly more likely to carry the next pregnancy to term, compared
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451  to those who lost a diploid pregnancy (after removing mares who lost after endometrial cup
452  formation and those who were intentionally not recovered). This suggests that aneuploidy
453  events may occur spontaneously and sporadically in some mares, and further, echoing
454  aneuploidy miscarriage which appears to have a slightly beneficial effect for women, in terms
455  of their chances of having a live birth from the subsequent pregnancy [67].

456 In conclusion, our results provide the first evidence of aneuploidy in naturally occurring
457  equine pregnancy losses, adding to the overwhelming evidence that the mare provides a far
458  superior system for studying the mechanisms of aneuploidy, compared with rodents. We also
459  support the use of SNP arrays for high throughput identification of aneuploidies in other
460 domesticated species, at a lower per sample cost than conventional technologies.

461

462 Materials and methods

463  Ethics statement

464 All conceptus recoveries from clinical cases of pregnancy loss were performed with
465  owner consent under ethics approval from the Clinical Research and Ethical Review Board at
466 the Royal Veterinary College (URN:2012-1169 and URN:2017-1660-3). Animal care and
467  conceptus recoveries from the clinically normal pregnancies were performed in accordance
468  with the Animals (Scientific Procedures) Act 1986 guidelines set by the Home Office and
469  Ethics Committee of the Royal Veterinary College, London (HO licence PPL 70/8577).

470

471  Sample acquisition, handling and phenotyping

472 Conceptus material from 55 early pregnancy losses (EPLs) were submitted from
473  veterinary practices across the UK and Ireland, over the 2013-2018 breeding seasons.
474  Pregnancies, confirmed by transrectal ultrasound at 14-16 days post ovulation, and
475  subsequently lost before 65 days post ovulation were included in this study. Following
476  confirmation of pregnancy failure (no heartbeat/collapsed vesicle), conceptuses were

477  recovered by non-invasive uterine lavage by the attending veterinary surgeon according to
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478  previously established protocols [38] before being placed into sterile transport media medium
479 (Hank's Balanced Salt Solution (Sigma-Aldrich, UK), 5% FBS (ThermoFisher, UK),
480 Amphotericin B 250 pg/ml (Sigma-Aldrich, UK), Penicillin-Streptomycin Solution 10000
481  units/ml (Penicillin), 10000 pg/ml (Streptomycin) (ThermoFisher (Invitrogen), UK), Kanamycin
482  (ThermoFisher (Gibco), UK)), and transported to the Royal Veterinary College (RVC) for
483  assessment and dissection. Reproductive histories of the mares were obtained from the
484  submitting veterinary practices and stud farms, including the mare’s age, records of prior
485  pregnancy losses, history of endometrial pathologies, and previous genetic investigations.

486 Control conceptuses were obtained from manually terminated clinically normal
487  pregnancies (CNP). Two of the CNPs came from pregnant Thoroughbred broodmares
488  euthanised for complications unrelated to pregnancy. Five Thoroughbred mares aged
489  between 2 and 20 years were housed at the Biological Services Unit (BSU) of the RVC (kept
490 on grass ad lib and supplemented with hay over the winter) were donors for the remaining
491  eight CNPs recovered during the 2018 breeding season. Each mare tested negative for
492  Equine Viral Arteritis (EVA) / Equine Infectious Anaemia (EIA), Taylorella equigenitalis,
493  Pseudomonas aeruginosa, and Klebsiella pneumonia (Rossdales Laboratories, Newmarket,
494  UK) prior to the onset of the stud season. Transrectal palpation and ultrasonography identified
495  signs of oestrus and an endometrial swab was submitted for bacteriological culture. Ovulation
496 was induced with 1500 IU of human chorion gonadotropin (hCG, Chorulon; MSD Animal
497  Health, UK) administered intravenously and mares were artificially inseminated 24 hours later
498 with a commercial dose of chilled semen from Thoroughbred stallions of proven fertility.
499  Pregnancies were confirmed 14 days post ovulation by transrectal ultrasound and the
500 development of conceptuses was followed by subsequent ultrasound examinations twice
501  weekly. Clinically normal developing pregnancies (presence of corpus luteum, absence of
502 intrauterine fluid, appropriately sized embryonic vesicle, detection of embryo proper, and
503  appropriately timed detection of fetal heartbeat) were manually terminated between 29 — 41
504 days gestation and recovered, as previously described [68]. EPL and CNP conceptuses were
505 washed three times in PBS (containing 10 units/ml Penicillin and 10 pg/ml Streptomycin;
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506  ThermoFisher (Invitrogen), UK) before the tissues were identified and dissected. Photographs
507  were taken of the different tissues, and seven gross features noted. Tissue samples harvested
508 depended on the developmental age of the conceptus and completeness of the submitted
509 membranes. When available, they included chorion, allantochorion, yolk sac, chorionic girdle,
510 and fetus.

511 Placenta from 5 healthy term births (2017 stud season) were collected from stud farms
512  in Hertfordshire and Suffolk and brought to the RVC for dissection. Sections were washed
513 three times in PBS and then snap frozen in liquid nitrogen before storage at -80°C. Whole
514  blood from five reproductively normal mares (dams of CNP conceptuses) was collected in
515  heparin vials and peripheral blood mononuclear cells (PBMCs) were isolated as previously
516  described [69]. PBMCs were then snap frozen in liquid nitrogen and transferred to -80°C for
517 long term storage.

518

519 DNA extraction, and sexing of conceptuses

520 DNA from placental (allantochorion and chorion) and fetal (hind limb and/or tail) tissues
521  (approx. 5x5mm sections, stored at -80°C) and PBMCs were extracted using QIAGEN
522  DNeasy Blood and Tissue kit (Qiagen Sciences, Maryland, USA), following manufacturer’s
523  guidelines. Briefly, tissue or cells were incubated at 56°C overnight in buffer ATL and
524  proteinase K. Tissues were incubated at room temperature for 2 minutes with 28 U RNase A
525 as recommended by the manufacturer then passed through a spin column, before elution with
526 100 pl Buffer AE provided in the kit. DNA was quantified using a DeNovix Spectrophotometer
527  (DeNovix, Delaware, USA).

528 Conceptuses were sexed by standard PCR as previously reported [70]. Briefly, primers
529  (Eurofins Genomics, Ebersberg, Germany) for the Sex determining Region of Y (SRY) were
530 used to determine the presence (male) or absence (female) of SRY from 50 ng of total
531 genomic DNA (S1 Fig) using FIREPol® DNA polymerase (Solis Biodyne, Estonia). Primers

532  for the X-linked Androgen Receptor (AR) gene were used as positive control for DNA quality.
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533  Genomic DNA from confirmed male and female equines served as positive controls, while
534  ddH,0 was used as a negative control. PCR conditions were as follows: 95°C for 5 minutes,
535 40 cycles of: 95°C for 30 seconds, 60°C for 40 seconds, and 72°C for 1 minute, followed by
536 72°C for 10 minutes. Amplicons were resolved on a 2% agarose gel and visualised in
537  ultraviolet light.

538

539 HD 670k Equine SNP Array

540 The 55 EPL samples genotyped on the Axiom™ Equine 670K SNP Genotyping Array
541  [71] included 24 male and 51 female EPL conceptuses from Thoroughbred, Warmblood, and
542  unknown breed pregnancies, with a spread of mare ages and gestational ages. Mare ages
543 ranged from 3 to 21 years old. We also genotyped samples from 10 individual CNP
544  conceptuses, all from Thoroughbreds (both males and females represented), 5 healthy term
545 placentae, all from Thoroughbred pregnancies, and 5 reproductively sound adult
546  Thoroughbred mares (age range 2-20 years). Of the 65 EPL/CNP conceptuses, 14 had
547  matching fetal and placental DNA genotyped by the array. Isolated DNA was submitted to
548 Neogen Europe, Ltd (Auchincruive, Scotland) under a service contract, in which equal loads
549  of DNA (760 ng) were hybridised along with fluorescent probes (PE at 660nm and FAM at
550 578nm) to the array. One conceptus was represented 5 times on the array to act as both tissue
551 (three individual sections of allantochorion; ALC) and technical (same DNA aliquot
552  represented three times) replicates.

553 Raw intensity .CEL files were imported in Axiom Analysis Suite (ThermoFisher, UK).
554  Following the CNV Discovery workflow, files were generated that were imported into
555 Integrated Genome Viewer (IGV; [72]) along with EquCab3.0 reference genome. Visualisation
556  of the whole genome at the chromosome level allowed for identification of aneuploidies, along
557  with large structural abnormalities. Quality control metrics were in place using Axiom Analysis
558  Suite, with 86.46% pass rate for the samples.

559
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560 Whole Genome Sequencing

561 Twelve samples (n=7 EPL, n=5 CNP) underwent whole genome sequencing (WGS)
562  using lllumina NovaSeq 6000 at 30X (150 bp pair-end) coverage then aligned to EquCab3.0
563 reference genome, before applying GATK Best Practices Workflow [73]. EPL samples
564  selected for WGS had a phenotype of Thoroughbred, gestation age between 30 and 42 days,
565  negative uterine swab at loss, with equal representation of conceptus sex and maternal age.
566 CNP conceptuses were age and sex matched to EPL samples. Whole chromosome copy
567 number was determined using SAMtools [74] genome coverage function.

568

569 Digital droplet PCR

570 Digital droplet PCR (ddPCR) was performed using a BioRad QX200 system (BioRad,
571  Watford, UK). Primers (Eurofins Genomics) were designed (using Primer3Plus; [75]) for two
572  genes per chromosome of interest: NRG71 and ANGPT2 (chromosome 27), SHTN1 and
573  ACTC1 (chromosome 1), with MCM6 (chromosome 18) acting as the reference as all
574  individuals were diploid for this chromosome (S1 Fig). Copy number was determined in
575  duplicate in reactions containing 50 ng DNA, using EvaGreen chemistry (final concentration:
576  100nM each primer, 1x ddPCR Supermix for EvaGreen). C1000 Touch Thermal Cycler
577  performed ddPCR reactions as follows: 95°C for 5 minutes, 40 cycles of: 95°C for 30 seconds
578 and 58°C for 1 minute, 4°C for 5 minutes, and 90°C for 5 minutes. Droplets were analysed
579  using Bio-Rad QX200 Droplet Reader and QuantaSoft software (BioRad). The copy number
580 of each product was manually calculated relative to MCM®6.

581

582  Statistical Analysis

583 Statistical analysis for numerical variables was performed using GraphPad Prism 7.03
584  (GraphPad Software, California, USA). Normality of distributions for each group were
585 assessed using Shapiro-Wilk normality test. Where both groups passed the normality test, a

586  two-tailed T-Test was performed. Where one or more groups did not pass normality tests, a
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587 Mann-Whitney test was applied. Significance was set at p<0.05 for both statistical tests.
588  Simple linear regression was calculated using GraphPad Prism 7.03. Factors that were
589  determined prior to the pregnancy loss (including the sex of the conceptus, the mare status at
590 the beginning of the season, mare and stallion age, breed, use of ovulation induction, twin
591 pregnancy, and uterine infection) were analysed to identify variables that differentiated
592  aneuploid EPLs from non-aneuploid EPLs. Due to the low numbers, barren (did not produce
593  alive foal from previous season) and rested (deliberately not bred) mares were combined into
594  one group and compared with maiden (never bred) and foaled (produced a live foal from
595  previous season) mares. Other variables investigated occurred after the loss (whether she
596 ended the season with a foal) and aimed to identify whether an aneuploidy EPL at the
597  beginning of the season would decrease her chance of a successful season. The categorical
598 variables were analysed in SPSS (v26), using Fisher’s exact test (significance set at 0.05). As
599  only one variable was significant, a multivariable linear regression was deemed unnecessary.

600

601 Acknowledgements

602  The authors would like to thank all the participating stud farms and veterinarians for their
603  continued support. Thanks also to Dr Daniel Hampshire and Dr Belinda Rose for assistance
604  processing the conceptuses, and Dr Ruby Chang for statistical advice.

605

606 Author contribution

607 AMdM, TR, and DCW, were involved in the conceptualisation of the project and acquisition of
608 funding. TR provided the PCR protocol to sex the conceptuses. CAS performed the formal
609  analysis, and along with AMdM prepared the original manuscript draft. BWD, AK, JRC, JC,
610 and AJM provided vital resources in terms of computational resources, and animal samples.
611  AK, AMdM, JRC, JC, and AJM provided invaluable expert knowledge for the interpretation of
612 results generated in the clinical analysis. AMdM, DCW, TR, and AK provided extensive

613 comments and edits of the original manuscript draft. TR, BWD oversaw the supervision of the

23


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964239; this version posted February 25, 2020. 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.

analysis of the SNP array and WGS methodologies, while AMdM oversaw the supervision of

other methodologies and the wider research activity.

References

1. Macklon NS, Geraedts JP, Fauser BC. Conception to ongoing pregnancy: the 'black box' of
early pregnancy loss. Hum Reprod Update. 2002;8(4):333-43.

2. Rose BV, Firth M, Morris B, Roach JM, Wathes DC, Verheyen KLP, et al. Descriptive study of
current therapeutic practices, clinical reproductive findings and incidence of pregnancy loss in
intensively managed thoroughbred mares. Anim Reprod Sci. 2018;188:74-84.

3. Wiltbank MC, Baez GM, Garcia-Guerra A, Toledo MZ, Monteiro PL, Melo LF, et al. Pivotal
periods for pregnancy loss during the first trimester of gestation in lactating dairy cows.
Theriogenology. 2016;86(1):239-53.

4, Campbell ML, Sandoe P. Welfare in horse breeding. Vet Rec. 2015;176(17):436-40.

5. Bosh K, Powell D, Neibergs J, Shelton B, Zent W. Impact of reproductive efficiency over time
and mare financial value on economic returns among Thoroughbred mares in central Kentucky.
Equine Vet J. 2009;41(9):889-94.

6. Morris L, Allen W. Reproductive efficiency of intensively managed Thoroughbred mares in
Newmarket. Equine Vet J. 2002;34(1):51-60.

7. de Mestre AM, Rose BV, Chang YM, Wathes DC, Verheyen KLP. Multivariable analysis to
determine risk factors associated with early pregnancy loss in thoroughbred broodmares.
Theriogenology. 2019;124:18-23.

8. Ricketts S, Barrelet A, Whitwell K. Equine abortion. Equine Vet Educ. 2003;15(56):18-21.

9. POWER MM. The first description of a balanced reciprocal translocation [t (1q; 3g)] and its
clinical effects in a mare. Equine Vet J. 1991;23(2):146-9.

10. Lear T, Layton G. Use of Zoo-FISH to characterise a reciprocal translocation in a

Thoroughbred mare: t (1; 16)(q16; g21. 3). Equine Vet J. 2002;34(2):207-9.

24


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964239; this version posted February 25, 2020. 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.

11. Lear T, Lundquist J, Zent W, Fishback Jr W, Clark A. Three autosomal chromosome
translocations associated with repeated early embryonic loss (REEL) in the domestic horse (Equus
caballus). Cytogenet Genome Res. 2008;120(1-2):117-22.

12. Durkin K, Raudsepp T, Chowdhary BP. Cytogenetic evaluation of the stallion. Equine
Reproduction. 2011:1462-8.

13. Lear TL, Raudsepp T, Lundquist JM, Brown SE. Repeated early embryonic loss in a
thoroughbred mare with a chromosomal translocation [64, XX, t (2; 13)]. J Equine Vet Sci.
2014;34(6):805-9.

14. Ghosh S, Das P, Avila F, Thwaits B, Chowdhary B, Raudsepp T. A Non-Reciprocal Autosomal
Translocation 64, XX, t (4; 10)(q21; p15) in an Arabian Mare with Repeated Early Embryonic Loss.
Reprod Domest Anim. 2016;51(1):171-4.

15. Andersen A-MN, Wohlfahrt J, Christens P, Olsen J, Melbye M. Maternal age and fetal loss:
population based register linkage study. BMJ. 2000;320(7251):1708-12.

16. Ball BA, Hillman RB, Woods GL. Survival of equine embryos transferred to normal and
subfertile mares. Theriogenology. 1987;28(2):167-74.

17. Brinsko SP, Ball BA, Miller PG, Thomas PG, Ellington JE. In vitro development of day 2
embryos obtained from young, fertile mares and aged, subfertile mares. J Reprod Fertil.
1994;102(2):371-8.

18. Brinsko SP, Ball BA, Ellington JE. In vitro maturation of equine oocytes obtained from
different age groups of sexually mature mares. Theriogenology. 1995;44(4):461-9.

19. Rizzo M, Ducheyne K, Deelen C, Beitsma M, Cristarella S, Quartuccio M, et al. Advanced
mare age impairs the ability of in vitro-matured oocytes to correctly align chromosomes on the
metaphase plate. Equine Vet J. 2019;51(2):252-7.

20. Jia CW, Wang L, Lan YL, Song R, Zhou LY, Yu L, et al. Aneuploidy in Early Miscarriage and its

Related Factors. Chin Med J (Engl). 2015;128(20):2772-6.

25


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964239; this version posted February 25, 2020. 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.

21. Chen S, Liu D, Zhang J, Li S, Zhang L, Fan J, et al. A copy number variation genotyping method
for aneuploidy detection in spontaneous abortion specimens. Prenat Diagn. 2017;37(2):176-83.

22. Hutaff-Lee C, Cordeiro L, Tartaglia N. Cognitive and medical features of chromosomal
aneuploidy. Handb Clin Neurol. 2013;111:273-9.

23. Pai GS, Lewandowski RC, Borgaonkar DS. Handbook of chromosomal syndromes. New York:
J. Wiley; 2003. xiii, 361 p. p.

24, Lioi M, Scarfi M, Di Berardino D. An autosomal trisomy in cattle. Genet Sel Evol.
1995;27(5):473-6.

25. lannuzzi L, Di Meo GP, Leifsson PS, Eggen A, Christensen K. A case of trisomy 28 in cattle
revealed by both banding and FISH-mapping techniques. Hereditas. 2001;134(2):147-51.

26. Herzog A, Hoehn H. Two additional cases of autosomal trisomy, 61,XY,+12 and 61,XX,+12, in
cattle. Cytogenet Cell Genet. 1991;57(4):211-3.

27. Johnston S, Buoen L, Weber AF, Madl J. X trisomy in an Airedale bitch with ovarian dysplasia
and primary anestrus. Theriogenology. 1985;24(5):597-607.

28. Buoen LC, Zhang TQ, Weber AF, Turner T, Bellamy J, Ruth GR. Arthrogryposis in the foal and
its possible relation to autosomal trisomy. Equine Vet J. 1997;29(1):60-2.

29. Brito LF, Sertich PL, Durkin K, Chowdhary BP, Turner RM, Greene LM, et al. Autosomic 27
trisomy in a standardbred colt. J Equine Vet Sci. 2008;28(7):431-6.

30. Holl HM, Lear TL, Nolen-Walston RD, Slack J, Brooks SA. Detection of two equine trisomies
using SNP-CGH. Mamm Genome. 2013;24(5-6):252-6.

31. Raudsepp T, Chowdhary BP. Chromosome Aberrations and Fertility Disorders in Domestic
Animals. Annu Rev Anim Biosci. 2016;4:15-43.

32. Schmutz SM, Moker JS, Clark EG, Orr JP. Chromosomal aneuploidy associated with

spontaneous abortions and neonatal losses in cattle. J Vet Diagn Invest. 1996;8(1):91-5.

26


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964239; this version posted February 25, 2020. 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.

33. Rambags BP, Krijtenburg PJ, Drie HF, Lazzari G, Galli C, Pearson PL, et al. Numerical
chromosomal abnormalities in equine embryos produced in vivo and in vitro. Mol Reprod Dev.
2005;72(1):77-87.

34. Viuff D, Rickords L, Offenberg H, Hyttel P, Avery B, Greve T, et al. A high proportion of bovine
blastocysts produced in vitro are mixoploid. Biol Reprod. 1999;60(6):1273-8.

35. Fechheimer NS, Beatty RA. Chromosomal abnormalities and sex ratio in rabbit blastocysts. J
Reprod Fertil. 1974;37(2):331-41.

36. Blue MG. A cytogenetical study of prenatal loss in the mare. Theriogenology.
1981;15(3):295-309.

37. Haynes S, Reisner A. Cytogenetic and DNA analyses of equine abortion. Cytogenet Genome
Res. 1982;34(3):204-14.

38. Rose BV, Cabrera-Sharp V, Firth MJ, Barrelet FE, Bate S, Cameron 1J, et al. A method for
isolating and culturing placental cells from failed early equine pregnancies. Placenta. 2016;38:107-
11.

39. Klunder LR, McFeely RA, Beech J, McClune W. Autosomal trisomy in a Standardbred colt.
Equine Vet J. 1989;21(1):69-70.

40. Power MM, Gustavsson I, Switonski M, Ploen L. Synaptonemal complex analysis of an
autosomal trisomy in the horse. Cytogenet Genome. 1992;61(3):202-7.

41. Bowling A, Millon . Two autosomal trisomies in the horse: 64, XX,—- 26,+ t (26926q) and 65,
XX,+ 30. Genome. 1990;33(5):679-82.

42. Lear TL, Cox JH, Kennedy GA. Autosomal trisomy in a Thoroughbred colt: 65,XY,+31. Equine
Vet J. 1999;31(1):85-8.

43, Wapner R, Simpson J, Golbus M, Zachary J, Ledbetter D, Desnick R, et al. Chorionic
mosaicism: association with fetal loss but not with adverse perinatal outcome. Prenat Diagn.

1992;12(5):347-55.

27


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964239; this version posted February 25, 2020. 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.

44, Kalousek DK, Barrette IJ, Gartner AB. Spontaneous abortion and confined chromosomal
mosaicism. Human Genetics. 1992;88(6):642-6.

45, Nikitina TV, Sazhenova EA, Tolmacheva EN, Sukhanova NN, Kashevarova AA, Skryabin NA, et
al. Comparative cytogenetic analysis of spontaneous abortions in recurrent and sporadic pregnancy
losses. Biomed Hub. 2016;1(1):1-11.

46. WangF, QiJ, YuT, Wang L, Zhang Z, Chen S, et al. Case Report Novel karyotypes of partial
monosomy 21 and partial monosomy 1 and underlying etiology. Int J Clin Exp Pathol.
2017;10(9):9765-73.

47. Papavassiliou P, York TP, Gursoy N, Hill G, Nicely LV, Sundaram U, et al. The phenotype of
persons having mosaicism for trisomy 21/Down syndrome reflects the percentage of trisomic cells
present in different tissues. AIMG. 2009;149(4):573-83.

48. Morris J, Wald N, Watt H. Fetal loss in Down syndrome pregnancies. Prenat Diagn.
1999;19(2):142-5.

49. Pueschel SM. Clinical aspects of Down syndrome from infancy to adulthood. AIMG.
1990;37(S7):52-6.

50. O’Caoimh R, Clune Y, Molloy D. Screening for Alzheimer’s disease in Downs syndrome. JADP.
2013;7(001):2161-0460.

51. Roper RJ, Reeves RH. Understanding the basis for Down syndrome phenotypes. plOs
Genetics. 2006;2(3).

52. Lebedev |. Mosaic aneuploidy in early fetal losses. Cytogenet Genome Res. 2011;133(2-
4):169-83.

53. Hassold T, Hall H, Hunt P. The origin of human aneuploidy: where we have been, where we
are going. Hum Mol Genet. 2007;16(R2):R203-R8.

54. Cimadomo D, Fabozzi G, Vaiarelli A, Ubaldi N, Ubaldi FM, Rienzi L. Impact of maternal age on

oocyte and embryo competence. Front Endocrinol. 2018;9:327.

28


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964239; this version posted February 25, 2020. 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.

739 55. Ge Z-J, Schatten H, Zhang C-L, Sun Q-Y. Oocyte ageing and epigenetics. Reproduction.

740  2015;149(3):R103.

741 56. Keefe DL, Niven-Fairchild T, Powell S, Buradagunta S. Mitochondrial deoxyribonucleic acid
742  deletions in oocytes and reproductive aging in women. Fertil Steril. 1995;64(3):577-83.

743 57. Battaglia D, Goodwin P, Klein N, Soules M. Fertilization and early embryology: Influence of
744 maternal age on meiotic spindle assembly oocytes from naturally cycling women. Human Reprod.
745 1996;11(10):2217-22.

746 58. Chiang T, Duncan FE, Schindler K, Schultz RM, Lampson MA. Evidence that weakened

747 centromere cohesion is a leading cause of age-related aneuploidy in oocytes. Curr Biol.

748  2010;20(17):1522-8.

749  59. Ricketts S, Alonso S. The effect of age and parity on the development of equine chronic
750 endometrial disease. Equine Vet J. 1991;23(3):189-92.

751 60. Franasiak JM, Forman EJ, Hong KH, Werner MD, Upham KM, Treff NR, et al. The nature of
752  aneuploidy with increasing age of the female partner: a review of 15,169 consecutive

753 trophectoderm biopsies evaluated with comprehensive chromosomal screening. Fertil and Steril.
754  2014;101(3):656-63. el.

755 61. Green RF, Devine O, Crider KS, Olney RS, Archer N, Olshan AF, et al. Association of paternal
756 age and risk for major congenital anomalies from the National Birth Defects Prevention Study, 1997
757  to 2004. Ann Epidemiol. 2010;20(3):241-9.

758 62. Martin RH. The clinical relevance of sperm aneuploidy. The genetics of male infertility:
759 Springer; 2007. p. 129-44.

760  63. Kushnir V, Scott R, Frattarelli J. Effect of paternal age on aneuploidy rates in first trimester
761  pregnancy loss. J Med Genet Genomics. 2010;2:38-43.

762 64. Fujino Y, Ozaki K, Yamamasu S, Ito F, Matsuoka |, Hayashi E, et al. Ovary and ovulation: DNA

763 fragmentation of oocytes in aged mice. Human Reprod. 1996;11(7):1480-3.

29


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964239; this version posted February 25, 2020. 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.

65. Hamatani T, Falco G, Carter MG, Akutsu H, Stagg CA, Sharov AA, et al. Age-associated
alteration of gene expression patterns in mouse oocytes. Hum Mol Genet. 2004;13(19):2263-78.
66. Carnevale EJT. The mare model for follicular maturation and reproductive aging in the
woman. Theriogenology. 2008;69(1):23-30.

67. Carp H, Toder V, Aviram A, Daniely M, Mashiach S, Barkai GJF, et al. Karyotype of the abortus
in recurrent miscarriage. Fertil and Steril. 2001;75(4):678-82.

68. Cabrera-Sharp V, Read JE, Richardson S, Kowalski AA, Antczak DF, Cartwright JE, et al.
SMAD1/5 signaling in the early equine placenta regulates trophoblast differentiation and chorionic
gonadotropin secretion. Endocrinology. 2014;155(8):3054-64.

69. Robbin MG, Wagner B, Noronha LE, Antczak DF, de Mestre AM, immunopathology.
Subpopulations of equine blood lymphocytes expressing regulatory T cell markers. Vet Immunol
Immunopathol. 2011;140(1-2):90-101.

70. Raudsepp T, Durkin K, Lear T, Das P, Avila F, Kachroo P, et al. Molecular heterogeneity of XY
sex reversal in horses. Anim Genet. 2010;41:41-52.

71. Schaefer RJ, Schubert M, Bailey E, Bannasch DL, Barrey E, Bar-Gal GK, et al. Developing a
670k genotyping array to tag ~2M SNPs across 24 horse breeds. BMC Genomics. 2017;18(1):565.
72. Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative
genomics viewer. Nature. 2011;29(1):24-6.

73. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A framework for
variation discovery and genotyping using next-generation DNA sequencing data. Nature.
2011;43(5):491.

74. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence
Alignment/Map format and SAMtools. Bioinformatics. 2009;25(16):2078-9.

75. Untergasser A, Nijveen H, Rao X, Bisseling T, Geurts R, Leunissen JAJNar. Primer3Plus, an

enhanced web interface to Primer3. Nucleic Acids Res. 2007;35(suppl_2):W71-W4.

30


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964239; this version posted February 25, 2020. 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.

790 Supporting Information

791  S1 Table. Details of primers used for both standard and digital droplet PCR (ddPCR).
792  S2 Table. Analysis of 10 clinically relevant variables. No variables measured could

793  distinguish between and aneuploid loss and a euploid loss

794

31


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

X

p=0.12 B p=0.90

Qo
T

W
:'"‘Il bipRxiv preprint doi: https:// 9/10.1101/2020.02.25.964239; this version posted February 25, 2020. The cogyright holder for this i
i ] breprint (which was not d by peer review) is the author/fundeiffifho has granted bioinv.-u-ﬁeenEB jsblay the preprint in () ] |
-n — erpetuity. It is made available under aCC-BY 4.0 International licqjf§e.
S Eu ‘ e o0 e
Ly
o 9
q ..:"",_. 1 5=
— 40— ﬂ-’l
E o)
T -
S S 10
) -
8 20+ Q
0 = 5=
Q
o ]
0 I 0 T 1
C S
=
—
L]
[ 3 xFemale
=
& \ m Male
3

EPL CHP Term Adult

Figure 1


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

A 100~ - - oo = low MW  16TBO9 Male Female NTC
F 0 adder AR SRY ! (AR sry 1M AR sry 0 AR smy)
S
8 80 e -
8 T
s 70- . e
o bioRxjv prejjnt doi: https://do_i._o&lo.1101/2Q20.Q2.25.964239; this versic')-n posted Feb ﬂ"
pregrint (Wilch was not certified by peer review) is the author/funder, who has granted
&0 | | per:oetuity. It ils made avlailable un:ier aCC-B:( 4.0 Internat]
2 ko 0 0 9 = -
u.@i u‘_ﬂ! = = ..l'i.'fl 'IP' Pﬂ
& T &t &
o Chromosome
1 a 16 21 27 X
I
I
Il
A"
W : -
B . p=0.25
D 200- p=0.94 E 000+ p=0.54 F 204 .
a E 5
= 0 . S n
S - ? 1500- < 15- T
N : . 0
w n e @ ’ in
£ 100- ‘ - 5 1000- 510+
Q 'n II' ' 2 —:;_.[:_—
U' #l o E a " RREN
E - j B 500- 1
E 3 in g E I‘g '
£ 5 [ ]
Q
0 T T 0 J ! 0 L ! .
Aneuploidy  No Aneuploidy Aneuploidy  Non aneuploidy Aneuplokdy  Non aneuploidy
p=0.02
G 200+ Hm 2000 p=0.01 | 20- p=0.01
) . £
-} . ) . 2
o 150 8 1500 S 15-
N E n
. ’ 0 e
1]
£ 100- —I— 5 1000 & 10 .
#] o —
i 2 N, 2 2 E
£ 50- $ e " 500 . g 5- o5
k= = — a
< g e
0 | I 0 | T 0 T T
Live borns Mo live borns Live borns No liveborns Live borns No live borns

Figure 2


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

QG so, p=016

[

S 601 . * f
%40_ TR *
L o
; 20 . %

G}

“ L !
Aneuploidy No Aneuploidy

Figure 4

p=0.32

H 204

5 15 *

E

@

< 104 .

=

S

5 7

w

0 ! I
Aneuploidy No Aneuploidy

p=0.35
& & % B
L
. L
Aneuploidy Mo Aneuploidy


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

p

F |
% » 140
3 w 100
_B & 80 \ o7
:':" w B LI |
= ;Jr_. o G0 A7
W o= m
oz 40
= -
o 3 biolé)El/ preprint doi: https://doi.org/10.1101/2020.02.25.964239; this version posted February 25, 2020. The copyright holder for this
L0 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.
1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
Chromosome number
B 5- 5 —
C=sHTM C OANGFT2
= macor By W ARG T
5 4- | < 4-
E o
o 2 ©
| = —_ -
> g°
E L E I
> 2- 5 2-
= =
- =
o q- 2 q-
o =]
o &)
_D -
CNF1806 CNP1808 144101 16TB03 18TBOS CHNF1EDE  CNP1808  14RIM 16TBO  15TBOE
D 2.57 - CIANGFT2
I~ E W ARG
£ 2.0 5
- e
I-E o 2— = 8
- -
£ £
E 1.0 5
c c 1-
> >
o 0.5+ o
=) =]
o y=-0.9882x + 1.858 O
0.0 T T T | 0
0 25 50 75 100 12806 ALC 12806 F 123TBOS ALC 123TBO3 F
Percentage of monosomic DNA
F 1.5- [JANGFTZ
E WA T
=
Q
s 1.0- T
2 T
@
£
-
c 0.5
-
(=8
o
Q
0.0
16TBOS ALCA 16TBOS ALC2 16TBOD ALCE

Figure 3


https://doi.org/10.1101/2020.02.25.964239
http://creativecommons.org/licenses/by/4.0/

