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ABSTRACT

Income from goats highly depends on prolificacy, which is difficult to improve by traditional breeding
methods. The study aimed to identify SNP markers for prolificacy, using a case-control genome-wide
association study (GWAS) on 111 genotyped Cameroon native goat (CNG) does, based on the 50 K
single nucleotide polymorphism (SNP) chip panel. None of the top SNPs reached the significant p-
value of 5x 1078, The highest p-value was 0.0009. Despite the number of cases being about a quarter
of the number of controls, the highest allele frequency of some of the top 20 variants in the cases
was indicative of their potential role in the trait. These top variants included the following 15:
rs268285661, rs268235169, rs268236449, rs268235135, rs268240394 in Sphingosine-1-phosphate
phosphatase 2 (SGPP2) gene, rs268283635 in Solute carrier family 24 member 2 (SLC24A2) gene,
rs268251678 in Androgen-induced gene 1 (AIG1) gene, rs268267018, rs268239617, rs268281364,
rs268273029, rs268286941, rs268236144, rs268233233 in CEP126 gene and rs268278159, respectively.
Our findings indicate that GWAS enable the identification of some loci within genes, with known
biological functions and pathways in human being and mice animal model but far-ranging to what
was previously hypothesized and tested in goat.
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Background produced under a traditional breeding system characterized

by an empirical selection, it is expected that improving the
knowledge of the genetic determinism of these traits will posi-
tively impact their productivity. In Cameroon, the West African
dwarf goat (WADG) is one of the most adapted genetic types in
the Western highland (WHAZ) and bimodal rainforest agro-eco-
logical zones (BRFAZ) which is greatly concerned by the above-
mentioned described poor knowledge statute. They are known

Goats are one of the most reared livestock species in Africa with
a population of about 387.67 million (FAO 2016), occupying the
second position in the world after Asia. This suggests that they
play a fundamental role in people’s livelihoods. Despite the
harsh production environments in the tropics, their ubiquity
in the region suggests that they are fairly well adapted. They
are mostly produced under extensive production systems

with limited external inputs (Alexandre et al. 2012) and their
productivity is low.

The analysis of the access and benefit sharing (ABS) of goats
may attest to their high potential to improve people’s liveli-
hoods. Unfortunately, this is not yet reflected in livestock
research and development strategies in many countries,
where actions are more focused on cattle and monogastric
animals. This may be due to the undervaluation of the potential
of goats in terms of their sociocultural importance and their
contribution to food and nutrition security. According to
Dhanda et al. (2003), a high proportion of goat meat pro-
duction is either sold to consumers directly at the farm gate
without following proper marketing channels or is consumed
in the home and therefore not marketed at all.

Growth and reproduction are key parameters with great
impact on goat productivity. Given that goats are mainly

to be precocious and prolific. Observations in this population of
different types of birth such as twins, triplets (Tchouamo et al.
2005), quadruplets (Manjeli et al. 1994; Tchoumboué 1997) and
sextuplets (Kouam et al. 2015) suggest the influence of one or
several major genes. However, the low heritability of this trait
(Ricordeau 1992) together with the fact that the trait is
expressed late do not ease the selection of best females.
Kouam et al. (2015) revealed a high phenotypic correlation
between conformation trait and the prolificacy of the
Western Highland and the Bimodal rainforest Cameroon
native goats (CNG), suggesting some of these traits may be
governed by a group of genes transmitted together or under
pleiotropic effect.

No data which can be used as the baseline for genetic par-
ameter estimation for this trait are available. Nowadays, mol-
ecular investigation approaches are expected to rapidly fill
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similar gaps. Apart from the studies of Meutchieye et al. (2014)
and Tarekegn et al. (2019) on molecular diversity study and the
non-conclusive study of Wouobeng et al. (2018) on the poly-
morphism investigation of three genes on the prolificacy, no
other work has been reported in CNG. With the decrease in
sequencing and genotyping costs and the increase in
genomic studies in small ruminants, it is expected that many
more major genes and causal mutations will be available
soon (Rupp et al. 2016).

Compared to other livestock species (cattle, sheep, pig
and chicken), very few major genes have been identified
in goat populations. Among others, there is the Prp for
scrapie resistance (Barillet et al. 2009), and a 11.7-kb del-
etion for polled in goat (Pailhoux et al. 2001). Some were
identified from candidate gene studies: SMAD1 (Wijayanti
et al. 2022a), CLSTN2 (Wijayanti et al. 2022b), SMAD2
(Wijayanti et al. 2022c), BMP15, Prp, and caseins and more
recently from genome-wide association studies (GWAS)
using the 50 K single nucleotide polymorphism (SNP) chip
such as the Socs2 for mastitis susceptibility and Tmem154
as reported by Rupp et al. (2016).

Using GWAS appears as a leapfrog which can solve the
issue of the long length of conventional breeding via the cal-
culation of estimated breeding values (EBV) from phenotypic
and pedigree information and the blindness quality of the
candidate gene approach when choosing the gene to be
tested. GWAS are large-scale genetic studies involving the
study of large numbers of genes or SNPs across extensive
populations with a particular phenotype compared to con-
trols (Alawieh et al. 2014). In goats, this has only been poss-
ible by recent advances in goat genome exploration
resources and tools. Significant outputs have been the goat
reference genome, made available by the International Goat
Genome Consortium (IGGC) (Dong et al. 2013) and the 50k
goat SNP panel (Tosser-Klopp et al. 2014) and the recent
goat ARS1 reference genome (http://www.ensembl.org/
Capra_hircus/Info/Index) released in 2018. This study aims
to identify the genes responsible for reproductive traits in
the Cameroon native goat.

Results
Distribution of the p-values of the variants

Figures 1 and 2 show the quantile-quantile (QQ) plot and the
Manhattan plot of the GWAS for the level of prolificacy in
CNG, respectively.

As shown in Figure 1, only a few SNPs extremely deviate
from the expected phenotypes while the general trend of the
observed values is slightly below the line of the expected
values, which may be due to population stratification. The
QQ plot for the prolificacy shows that there is a downward devi-
ation of the observed p-values compared to those expected
under the null hypothesis. A QQ plot is used to inspect GWAS
results for systematic bias such as population stratification. In
the absence of systematic bias, all p-values will be distributed
on a straight line corresponding to expected values under
the null hypothesis, except for p-values corresponding to few
truly associated SNPs, which will have higher observed values
with genome-wide or least suggestive significance. Downward
deviation indicates type Il error inflation (risk of false negative
results).

As shown in Figure 2, a few variants reached or passed the
point —log10 (p) = 2. The Manhattan plot shows that none of
the variants reached the recommended p-value of 5x 1075,
This indicates that none of the variants have a single strong
effect on the CNG prolificacy. Then, all the top recorded var-
iants may only act as a result of the combination of the moder-
ate effects of each of them.

Genes in or near the identified variants

Table 1 shows the top 20 variants from the GWAS of prolificacy.

As shown in Table 1, 6 of the top 20 SNPs are in genes, all of
them being a protein-coding type. Among these genes, only
one shows the highest frequency in the control group
suggesting this gene may partially impact the low prolificacy
of some does. On the contrary, the remaining genes show
the highest frequencies in the case group. However, all the var-
iants are in intronic regions.

Prolificacy
o
o o
7 0 °
g N (e o]
© GF00000
> O | ®
a «
B
z 0
Q
1724
s 2 -
g
e v |
T o
o _|
© T T T T T
0 1 2 3 4

-10log(expected p-values)

Figure 1. QQ plot of the GWAS for prolificacy in CNG.
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Figure 2. Manhattan plot of GWAS for prolificacy. The red line is a subjective line at —log10 (p) where p=3x 107,

Up to 15 of the top 20 variants had high allele frequency in
the case group (high prolific does). These are rs268285661
(Capra hircus chromosome 5, (CHI5)); rs268235169 (CHI30);
rs268236449 (CHI5); rs268235135 (CHI8); rs268240394 in Sphin-
gosine-1-phosphate phosphatase 2 (SGPP2) gene (CHI 2);
rs268283635 in Solute carrier family 24 member 2 (SLC24A2)
gene (CHI8); rs268251678 in Androgen-induced gene 1 (AIG1)
gene (CHI9); rs268267018 (CHI14); rs268239617 (CHI15);
rs268281364 (CHI30); rs268273029 (CHI12); rs268286941
(CHIN2); rs268236144 (CHI12); rs268233233 in CEP126 gene
(CHIN5) and rs268278159 (CHI8).

The consecutive series (for the 3rd to the 4th then from the
5th to the 11th top SNP) of low frequencies of alleles in both
case and control groups but with identical proportion may be
illustrative of many small recombination events followed by
little consequences on the prolificacy level. Prolificacy in GNG
is probably involved in various molecular events with
common consequences. This is supported by our previous
finding revealing the influence of some morphometric traits
of different natures on the reproduction parameter among
which the prolificacy. It appears that many pathways may
affect the prolificacy in CNG supporting the involvement of
the regulatory process which the underlining mechanism
remains to be highlighted.

Analysis of the selected top variants for the level of
prolificacy

The first top (p-value =0.0009) SNP variant is rs268285661
located on CHI5. This variant was mapped as an intergenic
variant of the goat genome, between NAV3, neuron navigator
3 (ENSCHIG00000012255) overlapping another Protein coding
gene (ENSCHIG00000020619) at less than 40kb and a
LincRNA (ENSCHIG00000001373) located upstream at more
than 80 kb (Additional_file_6). The NAV3 gene belongs to the
neuron navigator family and is expressed predominantly in
the nervous system. In the database, no information about
the LD SNP is available. The frequency of the minor allele for

this SNP in the case group (0.24) is higher than that of the
control group (0.07). This may suggest its important role in
the regulation of this trait. This potential role needs to be high-
lighted in the future. Interestingly, variant rs268285661 on CHI
5 may have a major role in the regulation of both reproduction
and zoometric traits especially chest girth and the live body
weight. It has been found within the top eleventh variant reg-
ulating the size level of the chest girth and the live body weight
in WAGD (non-published) suggesting its pleiotropic effects on
goat phenotypes.

The second lower p-value was obtained for the SNP
1268235169 located on the sexual chromosome (CHI 30).
However, the genomic location and the potential consequence
of this variant are not yet available in the database. Moreover,
in the database, no information about the LD SNP is available.
The frequency of the minor allele (G nucleotide) for this SNP in
the case group (0.33) is higher than in the control group (0.13).
This may suggest the important role of the sexual chromosome
in the regulation of the litter size in CNG.

The rs268236449 is located on CHI 5. The SNP variant is in
high LD with two other SNPs. Then some of these markers
may only be a tag SNP with an indirect subjective effect on
the trait. These have been recorded as intergenic variants
with no immediate nearest genes. However, the variant falls
within constrained elements for 103 eutherian mammals (Addi-
tional_file_7) Enredo-Pecan-Ortheus (EPO)-low-coverage of
103-way Genomic Evolutionary Rate Profiling (GERP). Mutations
in such regions may have consequences on the goat’s prolifi-
cacy. Although the frequencies of the minor alleles in the
case (0.09524) and control (0.012) groups are low, the one in
the case group is greater than that in the control.

The rs268235135 is located on CHI 8 and was found in LD
with six others (7 varies from 0.834-to 0.949). The variant is
mapped as an intergenic variant but with no immediate
nearest genes. The TMB flanking region of this SNP is available
(Additional_file_8). The same frequency value pattern of the
minor allele as for the previous variant was recoded for the
case and the control group.



)
<<
—
1]
o
=
%)
=
<
2
©]
x
-

‘o1el ppo = YO Dusnels asenbs-1y) 153}
d119118 = DSIHD ‘Z 3131|e J0 Aduanbaiy = gy ‘sjosuod buowe Aousnbaiy | 3|38 = N4 ‘sased Buowe Aouanbaiy | dj3]je = ¥4 ‘(douiw Ajjensn) | 3|3||e = LV ‘91eulplo0d Jied-3seq = 4g ‘JSYIAUIP] JUBLIBA = SY ‘SPOD SWOSOWOIYD = YHD

05°0 4V uonendod

jueleA djuabiaiul e

153ybIH| 1/ “ueniea dluabialy| ON 098¢ 00£09L0°0 008'S g  0LLTY00 06T¥L'0 V(8060 =4) L PUE(8Z60=7/) L (£860=2) L (L=/) SYUME  TZO99LBEE 8 6518LT8ITSI
(5 40]
:qyW uonejndod 1saybiH|d/1 ‘ (1 Juapuadag-dwod (U0 3dadx3 UodUl Ul ||e G/6°0 =) T pue
juelieA uohui aspuly ul3old) LoYYd CEvT0  00£8SL00  TT8'S V  0000ST0 00500 9 (3uenen uoibas 0I|ds UL BUO ‘9/6'0=) T'(L=4,) TYUM 9  TEL66VFY 19T  65/98789TS
J/1 “uelea dluabiayul ON 06¥€0  00V67LO0 €76'S V 000860 00SZL0 ¢ VN T69610V¥:8C TT168789CS!
(921 ura0id
L0 YW 1/D ‘WuelieA uosu) |DWO0s013uad) ‘971dID 0687'€  009S7L00  696'S 4 0TCvS00 09910 V (SE80=4) L Pue (L=,) € YUM y 98/9G59S/ Gl  €E€CEETVITS
05°0 D/V ‘Jueliea djuabisiul ON 00000  009/£L00 6909 4 00L87L'0 000000 V G960 = J'SPPS688€9SI ‘L S/YL886Y i€ €S/¥PT8ITS
(cve
buniodsup.y pidijoydsoyd dq 0g 1e 23S uoN3ISP e 01 3S0PD ‘ZTY8dLY
V/9 ‘JuelieA uoiu| sDd1V) TY8dLY 08007  00L8LLOO 6£€9 4 0/lLZy00 000SL0 V 3uab ul pa1ed0] 1B (LL6'0=¢) L PUB (S86'0=4) L YUM T  €6¥6867S Tl  +19£T89TS
00 :4vW uonejndod 1saybiH
'¥/9 ‘wueLieA djusbiaiul uy ON 6CVE0  0V9¥6000 €€£°9 V 00LLT¥'0 0000C0 ¢ ON /¥8600LL :8C T9/1/T89TS!
00 :4vW uonejndod 1saybiH
[2/1 “ueuen djuabiaiul uy ON 08¢SC 09106000 0789 d 00£96£0 005790 V ON 9097€0€v Tl  L¥698C89CS!
S0 4V uonejndod 1saybIH (618'0-518'0=4) €L pue
[w/9 “ueueA usbimul uy ON 00S€°0 00199000 9/£L g 008/87'0 000SC0 V (LE60-8T60=4) T '(986'0-1L60=4) €'(L=7) OL YUM 8T  8VTLLLYT 'L ¥618LT89TS)
(VN
4YI) 'D/V ‘weniea diuabiaiuj ON 00¥SCL  098L9000 S6¥°L 4 8609000 €¥LL00 V VN 089/7€99 ‘Tl 6T0£LT89TS!
1/9 ‘(paddew
u33q 1ou sey uelleA siy]) YN VN 0069'CL 06785000 C09°L V  ¥T09000 €v100 ¢ VN VN 0€ +9€18789¢s!
0€°0 :4vW uone|ndod 1saybiH
[v/9 ‘auenen sjusbiaur uy ON 0069CL 06785000 ¢C09°L 4 709000 €¥LL00 V (66'0=4) ‘££607559951 ‘L 6650T¥69 Sl £L196£T89TSI
0€°0 :4¥W uone|ndod 1saybiH (996'0=2) L pue
[w/9 ueueA usbimul uy ON 0069'CL 06785000 C09'L V 209000 €¥LL00 9 (LS6'0=,) L:(896°0=) T (€860=2) L (¥860=7) LYUM9 GZ8TZ/LSE WL 8L0,9T89TS
| auan
8€°0 4V ‘1/D ‘JuelieA uosu] pasnpuj-uaboipuy ‘Lol 0069°CL 06785000 ¢C09°L Y ¥209000 €vLZ00 g 10/d Q793s |D|y dudb ul paredo| (5580 =/ ‘98LLTSOV9SY) L TL6SS9/9:6  8/915789TSI
(580 = '088199159s4)
Z 12quiaw Z Ajiwipy Jaiipd L ‘(#8'0=4 '9£££909€95)) L “(£80 = '¥65T8TLS9SI)
0t'0 AV V/9 ‘JuelieA uoau a1njos (ZXMON) Tv¥TI1S 0069CL 06785000 C09°L g4  $T09000 €100 VY L '(06°0= '080EL6SE9S)) (88°0 = ¥S0006699S)) L YUM G 169SSSPT '8  SE9E8T8ITSI
70 AV
J/1 ‘sydudsueny z sdepiano Z asppydsoyd ajpydsoyd
JuelleA siy] jueliea uohui -1-auisobulyds 7ddos 0069CL 06785000 C09°L V  ¥T09000 €v100 ¢ ON  0Tl9TLST T ¥6£0¥C89Cs!
(#€8°0=4) L pue
810 4V D/L2ueniea djusbisiul ON 07€9'8  0L007000 L8C'8 g 0S0TL00 ¥7S600 V (SV80=4)T(L680=4)1'(8T60=4) L (6¥6'0=,) LYUM9 €609/890L ‘8 SELSETBITSI
9°0 :4¥W uone|ndod (680
1s9ybIH *)/L Jueuea u_c%%EE_ ON 07€9'8  0L007000 L8T'8 V 0S0TL00 +TS600 g = LLV1€99€9S)) | PUB (160 = J 956591£9951) L YUM T  $90T0TLLL S 6¥79€T789TS
9/V ‘(paddew
ud33q Jou sey jueueA siyl) yN VN 0€L7°€  06L1LC000 €£hP'6 d 00SCEL'0 0f£€EE0 VvV VN VN 0€ 6915€789¢s!
8¢°0 4V uonejndod 1saybiH
| v/9 ueuea dusbisiul uy ON 0c0F'y 66560000 006'0L 9 0/79900 O0L8ETO V (S19eieARUON) YN L6667/ 'S 19958789TS)
4V pue 3j3|je ‘@duanbasuo) CLED) [0} anjea-4 OSIHD ¢V n4 vV LY a7 ul 1eoxyie uonedo| arl dNs
pue 4HO

OND Ul Adedyijoad 1oy IndIno SYMD 3Y3 woly anjea-d 3y3 03 Buipiodde payues SIIASHSIIRIRYD JI9Y) pue sidxew sgNS 07 do3 Isiy 3y3 Jo IsiT *L 3jqeL



The fifth top subjective SNP (rs268240394) is in CHI 2, in
gene SGPP2, sphingosine-1-phosphate phosphatase 2, gene ID
ENSCHIG00000021868. The variant is mapped as an intron
variant and does not have any other in LD. This may suggest
that a single mutation of this variant may affect the gene
activity. The gene has two transcripts and its molecular function
is associated with catalytic activity. Although the frequencies of
minor alleles in the case (0.071) and control (0.006) groups are
low, the one in the case group was greater than in the control
group. Such findings highlighted the potential influence of
SGPP2 in the prolificacy of CNG.

The gene SLC24A2, Solute carrier family 24, gene ID
ENSCHIG00000025681, is located on CHI 8. The SNP variant is
in high LD (0.84-0.9) with five other SNPs. Some of these
markers may only be tagged SNPs with an indirect subjective
effect on the trait. These have been recorded as intron variants.
This variant overlaps three transcripts, sodium/potassium/
calcium exchanger NA + /K+ /CA 2 + exchange retinal NA CA
+ K exchanger Solute carrier family 24 member. The molecular
function of the SLC24A2 gene is associated with calcium
channel activity; GO:0008273 calcium, potassium: sodium anti-
porter activity. Although the frequencies of the minor alleles in
the case (0.071) and control (0.006) groups are low, the one in
the case group was greater than that in the control group.

The gene AIG1, an Androgen-induced gene 1 protein
(PTHR10989:SF11) is in CHI 9. The main variant is in LD with
another (* = 0.855). The variant is an intron variant and over-
laps one transcript. Its molecular function is related to a
protein in the context of a larger network of proteins that inter-
act to accomplish a process at the level of the cell or organism,
such as mitosis (http://www.pantherdb.org/about.jsp).

The variant rs268267018 (CHI14) was found in LD with six
others (7 varies from 0.951 to —-0.984) and is in an intergenic
region. Its intergenic position is located closer (at less than
10 kb) to a lincRNA of gene ENSCHIG00000001258, not yet
labelled (Additional_file_9). However, the low frequencies of
minor alleles in the case (0.071) and control (0.006) groups
are low and appear to have less impact on the trait.

The variant rs268239617 located on CHI15 was found in very
high LD with single other (*=0.99). It is also an intergenic
variant. Its intergenic position is located closer (at nearly
10kb) to a IlincRNA of a not vyet labelled gene
ENSCHIG00000002112 (Additional_file_10). However, the low
frequencies of minor alleles in the case (0.071) and control
(0.006) groups are low and appear to have less impact on the
trait.

The variant rs268281364, located on sex chromosome X (CHI
30) had no available information about potential LD with other
SNP variants in the database. Moreover, the variant has not
been mapped on the available goat genome database. This
may be a spurious variant or needs to be more investigated
as the X chromosome in a goat remains very poorly labelled
compared to autosomes. However, the low frequencies of
minor alleles in the case (0.071) and control (0.006) groups
are low and appear to have less impact on the trait.

The variant rs268273029 located on CHI12 had no available
information about potential LD with other SNP variants in the
database. This variant is an intergenic one. Its intergenic pos-
ition is located between the protein-coding gene known to

JOURNAL OF APPLIED ANIMAL RESEARCH e 5

participate in DNA replication, the RNASEH2B (ribonuclease
H2 subunit, ENSCHIG00000018220) at less than 76 kb down-
stream and far away from a LincRNA ENSCHIG00000006067 at
around 336 kb upstream (Additional_file_11). Deep screening
of the region at 101 bp scale reveals that the variant is
located just at 2 bp from a deletion site of 12 bp segment
length still an intergenic variant. However, the low frequencies
of the minor allele (A) in the case (0.071) and control (0.006)
groups are low and appear to have less impact on the trait.

The rs268278194 is located on CHI1. The SNP variant is in
high LD with 28 other SNPs among which 10 had complete
LD (P=1), 13 with * of 0.815-0.819 and five others varying
from 0.928- to 0.986. Then some of these markers may only
be a tag SNP with an indirect subjective effect on the trait.
These have been recorded as intergenic variants with no
immediate nearest genes. Its intergenic position is located
between coding genes ENSCHIGO0000001258 around 140 kb
downstream and ROBOT1 at 100 kb upstream (Additio-
nal_file_12). The frequencies greatly change and increase
here compared to those previously found in the other variants.
The difference in frequencies of minor alleles in the case (0.25)
and control (0.48) groups appears to have a probable impact on
the trait.

The rs268286941 is located on CHI 12. This variant is not in
LD with any other SNP variant in the database. The variant is
mapped as an intergenic variant but with no immediate
nearest genes (Additional_file_13). However, the minor allele
frequency (0.62) for this marker was the highest obtained
among the top previous variants in the case group and was
also greater than its respective frequency (0.39) in the control
group. This is indicative of the high occurrence of this marker
in highly prolific does of CNG.

The rs268271762 is located on CHI 28. Like the rs268286941,
it was not in LD with any other SNP variant in the database. The
variant is mapped as an intergenic variant but with no immedi-
ate nearest genes (Additional_file_14). The frequency of the
minor allele was twice in the control group (0.42) as compared
to that of the case group (0.2). and was also greater than its
respective frequency (0.39).

The gene ATP8A2, ATPase phospholipid transporting 8A2
(ENSCHIG00000008913) is located on CHI 12. The observed
variant, rs268236144 is in high LD (#= 0.985 and 0.971)
with two other SNPs both located in gene ATP8A2, close to
a deletion site at 30 bp (Additional_file_15). Then some of
these markers may only be a tag SNP with an indirect subjec-
tive effect on the trait. These have been recorded as intron
variants. The greater frequency of the minor allele in case
(0.15) than in the control group where it is even null (0.04)
implies the important role of the variant in high prolific
does. Some variants have been mentioned on CHI 12. The
pattern of allele frequencies may also indicate the contri-
bution of specific haplotype architecture in the regulation
process.

The variant rs268244753 located on CHI 3 is in high LD (# =
0.965) with another SNP. Then one of both markers may only be
a tag SNP with an indirect subjective effect on the trait. The
variant was recorded as an intergenic variant but very close
to a deletion site at only 16 bp (Additional_file_16). The
greater frequency of the minor allele in control (0.15) than in
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the case group where it is even null (0.00) implies the important
role of the variant in some low prolific does.

The gene CEP126, Centrosomal Protein 126 or KIAA1377, is
located on CHI 15. The observed variant, rs268233233 is in
high LD with four other SNPs among which three with com-
plete linkage and 1 with r»=0.835 all located in gene CEP126.
Then some of these markers may only be a tag SNP with an
indirect subjective effect on the trait. These have been
recorded as intron variants. The greater frequency of the
minor allele in the case (0.16) than in the control group
where it is even null (0.05) implies the important role of the
variant in the high prolific does. Diseases associated with
CEP126 include Amyotrophy and monomelic. In a human
being, the tissue specificity of this protein-coding gene shows
the highest expression in testis (www.ncbi.nlm.nih.gov).

The rs268289122 is located on CHI 28. However, no infor-
mation about potential LD with other SNP variant is available
in the database. The variant is mapped as an intergenic
variant but with no immediate nearest genes (Additio-
nal_file_17). The frequency of the minor allele in the control
(0.38) was greater than that in the case group (0.17).

The gene PRKG1, Protein Kinase CGMP-Dependent 1,
(ENSCHIG00000012195), is a protein-coding located on CHI
26. The observed variant, rs268233233 is in high LD with six
other SNPs among which two with complete linkage, two
(F=0.976) and the last two (P = 0.975) all in intron except
one splice region variant (*=0.976) of the gene. Then some
of these markers may only be a tag SNP with an indirect subjec-
tive effect on the trait. However, the variant located in the
splice region of the gene may have functional consequences.
The greater frequency of the minor allele in control (0.25)
than in the case group (0.07) implies the important role of
the variant in some low prolific does. Among the molecular
functions there is the synthesis of the Serine/threonine
protein kinase that acts as a key mediator of the nitric oxide
(NO)/cGMP signalling pathway. Activation of PRKG1 by NO sig-
nalling alters gene expression in several tissues. In humans, pre-
diction suggests low expression in the ovary. Meanwhile, high
expression in adult testis and moderate in ovary have been pre-
dicted in mice (www.ncbi.nim.nih.gov). Interaction Proteins
analysis in humans for the PRKG1 gene using the STRING Inter-
action Network tool (version11.string-db.org) revealed five top
genes (Additional_file_18a) among which SMAD4 was strongly
interacting with the Gene BMPR2 through the BMP pathway of
cardiac activating regions. In muscle physiology, SMAD4 plays a
central role in the balance between atrophy and hypertrophy.
BMPR2 was however among the top 25 (Additional_file_18b)
interactant genes of the PRKG1.

The rs268278159 is located on CHI8. The SNP variant is in
high LD with eight other SNPs among which five had complete
LD (= 1), one with 7 of 0.987and two others with r* equal to
0.928 and 0.908 respectively. Then some of these markers may
only be a tag SNP with an indirect subjective effect on the trait.
These have been recorded as intergenic variants with no
immediate nearest genes. rs268278159 is located at 120 kb
downstream from a LincRNA gene, ENSCHIG00000007878
(Additional_file_19). The frequency of the minor allele in the
control (0.42) was greater than that in the case group (0.14).

Discussion
Efficiency of SNP chip in CNG

More than 50% (21049/41129) of the remaining SNPs after the
HWE test and missing genotype had a minor allele frequency
(MAF) less than 0.05 indicating a high proportion of low allele
frequencies in CNG. A higher proportion of low allele frequen-
cies has been associated with greater genetic diversity in indi-
cine populations obtained by sequencing data (Gibbs et al.
2009; Murray et al. 2010). The intrinsic nature of the goat
50 K SNP chip may also justify such results due to the type of
breeds used during its conception. The 50k goat SNP panel
(Tosser-Klopp et al. 2014) was developed by combining the
sequencing of whole genomes and reduced representation
libraries from six different breeds/populations from Europe
and Asia. These breeds included meat, milk and mixed types:
Alpine, Boer, Creole, Katjang, Saanen and Savanna, comprising
a total of 97 animals. It can be found that the number of
animals involved is relatively small and reduced to a few
breeds when considering the worldwide scale. This tool may
fail to capture common variants in the CNG breed. Conse-
quently, the SNP density on the actual commercial SNP chip
may not have the same efficiency in genetically distant
breeds. A similar observation has been made in cattle by Bejar-
ano et al. (2018) who suggested that the lower MAF could be
attributed to the fact that the Bovine SNP50K_V2 used Bos
Taurus breed sequence data, which is genetically distinct
from the Bos indicus breeds. As recommended by Bush and
Moore (2012) for GWAS in African vs European human popu-
lations, the capture of the commonly occurring SNPs in GNG
may require a more improved SNP chip than the actually avail-
able one.

Around 91.5% (>0.5) of SNPs were removed after the
pruning suggesting that most of those markers are correlated.
The pruning does not lead to any missing information. It is
based on the LD between markers and is basically used to
reduce the computational time. We also found that the
quality of the Manhattan plot, which was noisy without
pruning, has also improved. Moreover, a good proportion
(15.6%, "> 0.9, 3138/20080) of SNPs showing a very high
degree of LD has been observed within the SNP chip which
has been assessed by the r* instead of D'. The r? is a more
robust measure of LD because it is less sensitive to allele fre-
quency and a small sample size (Berihulay et al. 2019). LD
could be the most widely important measurement of connect-
edness between allele pairs and haplotype block structures
across a given population (Al-Mamun et al. 2015). The pattern
of LD between adjacent markers is generally high, decreases
with increasing marker distance, and is affected by various
factors, such as genetic drift, population growth/structure,
mutation, artificial/natural selection and the recombination
rate (Berihulay et al. 2019).

The number of other SNP markers in high LD with the top
variants varied from 0 to 67 and sometimes the information
was simply not yet available in the database. Most of these var-
iants in LD with others may only be tagged SNPs and require to
be mapped. High 7 values indicate that two SNPs convey
similar information as the allele of the first SNP is often
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observed with one allele of the second SNP, all the top SNPs
with high LD could be the indirect association and will
require additional studies to map the precise location of the
influential SNP Bush and Moore (2012). On the contrary, top
single SNPs, which are not in LD with another, may directly
influence the trait.

Among the top 20 first variants identified for prolificacy,
many were in the sex chromosome (X, CHI30). Surprisingly,
none of these variants match with any region of the goat
genome, suggesting that the goat genome has not yet been
completely studied or only partially studied. An initial trial
(unpublished) using only autosomes gives different results
suggesting that a holistic approach is convenient for the
exploratory study of important genes. Moreover, the available
tools need to be improved to capture meaningful variations.
For instance, of the 21343 protein-coding genes in the ARS1
(Ensembl release 97) reference transcriptome, 7036 (33%) had
no informative gene name. Many of these unannotated
genes are likely to have important hidden functions. Muriuki
et al. (2019) released new genes and currently, ARS1 has
about 6000 unannotated genes. Nevertheless, the actual
ARS1 (Ensembl release 100-April 2020) contains 21361 coding
genes not fully annotated. Many of these unannotated genes
are likely to have important functions. The issue of such a
gap had previously been mentioned in human beings by Khai-
tovich et al. (2006) suggesting a growing body of evidence indi-
cating that a much greater proportion of the human genome is
transcribed than is accounted for by the existing annotation.

Significance of the variants

None of the top SNPs reached the significant p-value of P < 5 x
1078, We pruned the SNP data until a value of 1713. Using the
Bonferroni correction of 0.05/k, the expected significant p-value
in our case was supposed to be 0.00002. Unfortunately, our top
p-value was 0.0009. This suggests that those traits could be
mostly under regulatory mechanisms.

Most of the top SNPs were in intergenic regions. Based on
these findings, one may confirm the polygenic nature in the
regulation of the prolificacy of CNG. This may be the result of
the fact that CNG is a non-specialized breed with a high
degree of recombination and which optimally combines
various resources to better fit their environment. Such
findings have been reported by Wang et al. (2016) using analy-
sis of selection signatures. Indeed, these authors found that
none of the conserved SNPs in four genes in evolutionary con-
served regions in mammals were located within coding regions
that lead to amino acid exchanges, thereby indicating that the
genetic basis of goat production and adaptive traits are
complex and that the variants are rather regulatory.

The locations of the SNPs in the non-coding region are also in
line with the findings of Brodie et al. (2016) in disease-associated
SNP using GWAS. For variants located in the intergenic region, it
is not excluded that, they are the only marker of far variation
located within a gene, especially those without any known LD.
Using a pathway-based approach to explore how far the SNP
may be from the affected Genes, Brodie et al. (2016) found
that affected genes are often up to 2 Mbps away from the associ-
ated SNP, and are not necessarily the closest genes to the SNP.
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This suggests that the quest for the responsible genes may
not be completed until a significant marker is physically
confirmed at a given position on the genome.

On the other hand, the absence of significant SNPs might be
due to the low sample size used or the strict threshold applied.
Although the number of individuals in the case group was a
quarter of those in the control group, the highest frequency of
some top p-value variants in the case is indicative of their poten-
tial role in the trait. According to Hong and Park (2012), a 1:4
case—control ratio is one way to achieve higher statistical
power in studying a common disease in a case—control study.
It has been suggested that to achieve results with relatively
high statistical power a sample size of more than 2000 is
required (Spencer et al. 2009). With 2000 cases and 2000 con-
trols, only common variants with quite a strong effect can be
reliably detected at this level; with 5000 cases and controls,
common variants of modest effect can be detected although
the power to detect rare variants (minor allele frequency
<0.05) is still quite low (Barrett et al. 2014). Sample sizes in
GWAS of domestic animals vary from 329 sheep (Zhang et al.
2013) to 1000 sheep (White et al. 2012) and 2000 cattle
(Pausch et al. 2011). In this study, there were only 104 goat
samples. A non-significant threshold was also not reached by
Gudmundsdattir (2015) using 96 samples of sheep genotyped.
Less sample size per breed has been used (Wang et al. 2016;
Onzima et al. 2018) in selection signature in goat. However,
the sample size is also highly dependent on the SNP chip size.
For instance, testing a single SNP marker requires 248 cases,
while testing 500 000 SNPs and 1 million markers requires
1206 and 1255 cases, respectively, under the assumption of an
odds ratio of 2, 5% disease prevalence, 5% minor allele fre-
quency, complete linkage disequilibrium (LD), 1:1 case/control
ratio, and a 5% error rate in an allelic test (Hong and Park
2012). These provisions are based on simulation and are practi-
cally not yet easy to achieve due to the limited amount of avail-
able resources. Moreover, previous experiences show that
increasing the sample size will not solve the issue of the great
proportion of trait variation not explained by the marker SNP.

In their GWAS study on Human height, Allen et al. (2010)
reported that by increasing the sample size to more than
100,000 individuals, they identified common variants that
account for approximately 10% of phenotypic variation.
These authors support the idea that biological insights, rather
than predictive power, will be the main outcome of this
initial wave of GWAS, and that new approaches, which could
include sequencing studies or GWAS targeting variants of
lower frequency, will be needed to account for more of the
‘missing’ heritability. Reaching a larger sample size is unrealistic
in local breeds given the perception of their economic interest,
the limited financial and technological resources and the lack
reliable record system for data of different natures. Neverthe-
less, more interesting results may be obtained through harmo-
nious collaboration between the scientific community by
merging available data.

Identified top variants for the level of prolificacy

The QQ plot for the prolificacy has shown that there is a down-
ward deviation of the observed p-values compared to those
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expected under the null hypothesis. The downward deviation
of the QQ plot for the prolificacy indicates type Il error
inflation (risk of false negative results). Such a pattern has
been recorded by Chan et al. (2015). However, the deviation
at the upper end of the graph shows few SNPs with the least
suggestive significance.

The Manhattan plot shows that none of the variants reached
the p-value of 5 x 1072, Paim et al. (2019) used less p-value (log
p-value > 3) to identify SNP associated with selection signatures
in various breeds. The significant regions (log p-value > 3) were
identified and local population trees and haplotype clusters of
each region were plotted. The local population trees used only
those SNPs located within the regions of signatures of selection
identified to show the breeds’ undergoing selection. Costa et al.
(2015) used log 10 (BF) equal to 2 as a threshold to find 42 SNPs
that were significant for the studied binary trait Heifer rebreed-
ing (HR). However, by considering the less strict p-value in our
case, it was possible to identify important genomic regions,
chromosomes and even some genes with potential effects.

Based on the available literature, some reported SNP var-
iants among the 20 top seemed interesting. The first top
variant rs268285661 on CHI5 was also found within the top ele-
venth variant regulating the size level of the chest girth and the
live body weight in WAGD (non-published) suggesting its pleio-
tropic effects on goat phenotypes. This may explain the signifi-
cant association previously observed by Kouam et al. (2015)
between these traits at the phenotypic level. Furthermore,
this finding provides strong evidence of the previous phenoty-
pic correlation observed between these traits, confirming the
high potential of chest girth and weight as indicator traits for
prolificacy in CNG.

The fifth top SNP (rs268240394) was located on CHI 2, in an
intronic region of the gene SGPP2. The gene is known to have 2
transcripts and its molecular function is associated with cataly-
tic activity (https://www.ebi.ac.uk/QuickGO/term/GO:0042392).
Mizugishi et al. (2007) found that mutant mice for SPHK1 and
SPHK2 produced infertile females, with reduced production
of S1P.

The gene PRKG1, located on CHI 26, was reported as the
nineteenth top variant (rs268233233) and showed among its
top 25 interactant genes, a well-known fecundity gene
BMPR2. Genes belonging to the BMP type have already been
reported as strong candidate genes in sheep. An illustration
is BMPR1B (FecB or Booroola) and the BMP15 (Fec X in Lau-
saune) genes. Interestingly, these genes have been tested by
Wouobeng et al. (2018) in CNG without conclusive results.
This finding depicts the crucial role that PRKG1 may play in
the prolificacy regulation of CNG.

Previous attempts of assessing the prolificacy gene in CNG
consisted in investigating the polymorphism of 3 genes
BMPR-1B (Booroola gene Fec B), GDF9 and BMP 15 (Fec X) on
a set of 24 does among which 12 were highly prolific and 12
low prolific as reported in Wouobeng et al. (2018). These
results showed a non-conclusive effect of the observed poly-
morphism in BMPR-1B and in GDF9 while BMP 15 was mono-
morphic. Some of those 24 does were among the samples
used for this GWAS. The actual study confirms that the
above-mentioned three genes are not responsible for the pro-
lificacy of CNG from WHAZ and BRFAZ. However, by

considering less strict p-value, it was possible to identify impor-
tant genomic regions, chromosomes and even some genes
with potential effects. Compared to other livestock species,
cattle, sheep, pigs and chicken, very few major genes have
been identified in goat populations. Among others there is
the Prp for scrapie resistance (Barillet et al. 2009), and a 11.7-
kb deletion for polled in goat (Pailhoux et al. 2001). Some
were identified from candidate gene studies (Bmp15, Prp and
caseins) and also more recently from GWAS using the 50 K
SNP chip such as the Socs2 for mastitis susceptibility, as
reported by Rupp et al. (2016). Other genes are the Prp for
scrapie resistance (Barillet et al. 2009). Few were identified
from candidate gene studies (Bmp15, Prp and caseins) and
more recently, Socs2 and Tmem154 from GWAS using the
50 K SNP chip (Rupp et al. 2016).

Different results have also been reported using transcrip-
tomic studies. In pregnant and nonpregnant Anhui white
goats, six genes (DCDC2, TBC1D15, PTHRP, SLC1A2, RDH16
and SST) were enriched for biological regulation, enzyme regu-
lator activity, growth, metabolic process and response to stimu-
lus Gene Ontology terms (Quan et al. 2019). We reported one
gene, SLC24A2, belonging to the same family of Solute carriers
like SLC1A2, suggesting that Solute Carrier Family genes may
play an important role in the reproductive processes in goats.
Miao et al. (2016) used RNA-Seq technology to perform a
GWA of the miRNAs and identified differential miRNAs that are
predicted to contribute to different prolificacies of two goat
breeds (Jining Grey and Laiwu Black) through several biological
processes and pathways. In particular, Chi-miR-187,
chr12_10768_star and chi-miR-874-3P may play an important
role in the reproductive regulation processes. They also found
that TGFB1, THBS1, ACVR18 and BMP88 and chr12_10768_star
regulate three genes, including CHRD, SMAD1 and BMP7. In
addition, chi-miR-874-3P regulates three genes, including
MAPK3, BMPR2 and CHRD. However, some of these genes or
close members (BMPR2 and SMAD1) belong to various illus-
trated STRING network interactant proteins together with
other important genes in mammals. This is an indicator illustrat-
ing the breed variability in terms of the regulation of biological
processes, conferring the breed specificity and therefore, the
importance of examining them individually with great attention.

Conclusion

CNG has a singular fecundity determinism which was not yet
described in any other caprine breeds. GWA study appears as
a leapfrog which can solve the issue of the long length of phe-
notypic breeding and the blindness approach of the candidate
gene approach when choosing a gene to be tested. Many SNPs
variants have been identified, displaying various molecular con-
sequence types depending on the genomic region in which
they were located. These genomic regions were in great pro-
portion either intergenic or intron and few downstream
genes and upstream genes. The great proportion of intergenic
and intron variants illustrates that prolificacy in CNG is predo-
minantly controlled by regulatory events. A series of markers
with low allele frequency both in the case and control may
suggest that the hyper prolificacy events are the result of
various genetic recombination mechanisms. Most of these
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variants may only be a tag SNP as some of them were in high
LD with others. Among the recorded genes, good numbers
had coherent implications in the trait studied with that pre-
viously reported in human and mice animal models. Many
uncharacterized and unlabelled variants are illustrative of the
necessity to improve the screening tools.

The study also clearly shows the potential usefulness of
GWAS for exploratory study in less specialized breeds. The
major recommendations are: Increasing the sample size or
using the available sample to access those markers through col-
laboration or cooperation with other institutions, exploring a
quantitative model for analysis workflow, samples resequen-
cing to confirm the existence of the site and assess the poly-
morphism between animals, settling on the station research
programme to affine and optimize these results, identifying
and assessing the influence of other molecular variants like
CNV on production traits and initiate an investigation of the
polymorphism of identifying candidate genes in the
population.

Methods
Sampling and data collection

Study area

Data were collected in the western highland and the bimodal
rainforest agroecological zone of Cameroon (Figure 3). The
first zone is located between 5° and 8° latitude North and 9°
45-11°15 longitude East and the second, 2° to 4° latitude
North and 11°15-16 ° longitude East (ASEB 2010).

Animal material and sampling

A total number of 111 does (aged from 1 to 9 years) sampled in
41 villages from the WHAZ and BRFAZ of Cameroon were used
in the study; they had given birth at least once and were
characterized for maximum litter size (the highest litter size in
the reproductive life of each doe). The production system
among villages is comparable, mainly characterized by free
range with modalities such as temporary confinement depend-
ing on farming activities. Feed is dominated by natural forage
with irregular complementation made up of kitchen waste
(Manjeli et al. 1994; Teguia et al. 1997; Njiki 2011).

Data collection

All the records were collected according to the United States
Department of Agriculture (USDA) sampling protocol adopted
for the African Goat Improvement Network (AGIN), as described
by Huson et al. (2014). The recorded data included animal and
sample ID, litter size and GPS coordinates (Additional_file_1).
For the DNA isolation, ear tissue samples were collected on
each female using an adapted punch (Additional_file_2).

DNA extraction and genotyping

The genomic DNA was extracted in 2014 from ear tissues, per-
formed with the Qiagen PurGene tissue protocol and stored at
—80°C at the Biosciences Eastern and Central Africa-Inter-
national Livestock Research Institute (BecA-ILRI) laboratory
until the genotyping in 2016. Genotyping products from 111
females, which were genotyped with the caprine 50 K SNP
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BeadChip array (lllumina Inc,, San Diego, CA) described by
Tosser-Klopp et al. (2014), were used (Additional_file_3; Addi-
tional_file_4 and Additional_file_5). The quality control (QC)
of genotypes was performed iteratively as described by
Marees et al. (2018).

Data quality control

Loaded SNPs consisted of 51940 variants (autosomes and X
chromosomes). Samples were first controlled for main variants.
The genotyping sample call rate was set at 99% after which 104
females were retained downstream, while 7 were removed due
to missing genotype data. The total genotyping rate in the
remaining samples is 0.948611 and 4491 variants were
excluded due to missing genotype data. Missing SNP geno-
types were not imputed, and the marker effect of the missing
SNP genotypes was set to zero for affected animals. This step
was followed by the HWE test with a p-value for binary trait
<1e—10 during which 6320 deviating variants were removed.
The last stage consisted of filtering out the remaining SNPs
for MAF settle as less than a threshold of 0.05. At the end of
this first QC stage, 21049 variants were removed while 20080
variants and 104 does passed. To avoid the effects of ascertain-
ment bias (on the level of admixture) and computational slow-
ness, these 20080 SNPs were subjected to linkage
disequilibrium (LD) pruning. The LD coefficient r* was used
and has been set at a threshold value greater than 0.5. Thus,
18367 SNP variants were highly correlated to each other and
removed. Finally, a total of 1713 variants and 104 does
remained for association analysis. Among the remaining phe-
notypes, 21 are cases and 83 are controls for the level of prolifi-
cacy. Table 2 gives the number of variants pruned and
remaining per chromosome.

Study parameters

Identification of molecular genetic marker for prolificacy
To analyze the influence of molecular genetic markers, the pro-
lificacy, here described by the maximum litter size at birth was
considered at two different levels of performance required for a
case-control study.

Definition of case and control groups

The maximum litter size was used to assess the prolificacy. The
females were divided into two groups (case and control) corre-
sponding to two levels of performance: low and high prolific.
Low prolific does are those with one and at most two kids,
while high prolific are those with three kids and above in
relation to their maximum litter size in the whole reproductive
life.

Statistical analysis

GWAS was carried out by a chi-square test using one thread (De
et al. 2014). The total genotyping rate is 0.990205. The Bonfer-
roni correction of 0.05/k was used to determine the significant
threshold (where k is the number of variants used for the test
here 1713). The results were then compared to the significant
p-value 0.00029 or 3 x 10~ and -log10 (p) = 3.53. The analysis
was carried out in PLINK v1.90b6.15 (Purcell et al. 2007) R-
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Figure 3. Study zone. Source: Adapted from PNGE (2009).

package, run within R (version 3.6.2) (R Development Core
Team 2016).

Identification of single nucleotide polymorphisms

The analysis of results from genotyping has enabled the detec-
tion of SNPs. Then, the SNP corresponding to the variant that
reaches the statistical threshold was selected.

Bimodal rainforest agroecological

=11
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Identification of genes
The top 20 SNPs were searched against the genome

browser (http://www.ensembl.org/index.html). The Map
Viewer tool of the caprine genome in the same browser
was used to determine the location of the significant SNPs
on the genome. The most severe consequence, the alleles
and the location of the variant as well as those in LD
were recorded. For SNPs that were not located within
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Table 2. Evolution of the number of loaded SNPs per chromosome after quality
control and pruning.

Initial SNP after quality Pruned Remaining
Chromosome SNP control SNP SNP
1 3238 1271 1159 112
2 2850 1072 979 93
3 2381 955 874 81
4 2415 977 889 88
5 2243 825 757 68
6 2437 934 847 87
7 2192 903 820 83
8 2352 927 867 60
9 1894 749 691 58
10 2098 808 733 75
1 2138 796 730 66
12 1749 622 562 60
13 1649 649 591 58
14 1912 724 657 67
15 1639 628 580 48
16 1592 659 598 61
17 1469 584 534 50
18 1292 468 428 40
19 1229 466 429 37
20 1495 608 571 37
21 1430 549 498 51
22 1169 468 431 37
23 1047 414 372 42
24 1324 509 461 48
25 855 337 302 35
26 1044 414 379 35
27 914 396 364 32
28 929 392 354 38
29 977 347 314 33
30 (X) 1987 629 596 33
Total 51,940 20,080 1,8367 1713

genes, the nearest genes were recorded with the distance
between the gene and the SNP. Genes that contain signifi-
cant SNPs were listed.

Gene annotation

For gene annotation, we used gene databases from the Univer-
sity of California at Santa Cruz (UCSC) Genome Bioinformatics
and the National Center for Biotechnology Information
(NCBI). The annotation was based on the latest release goat
genome (ARST).

Effect of top SNP or gene of the trait

The gene role was assessed by searching the gene name or ID
(for uncharacterised ones) against the available database
(http://www.ncbi.nim.nih.gov; gene card) the Pubmed was
used to find the available publications. Specialised database
like the Human Gene Database Version 4.14 (www.genecards)
and related database Malacards (www.malacards.org); the
Human Protein Atlas (www.proteinatlas.org) and the Mouse
Genome Informatics-the International database resource for
the laboratory mouse (www.informatics.jax.org) were used to
find the genes function in human beings and mice, the most
studied organisms. The main avenue of pathway analysis in
genomics research depends on predetermined knowledge of
gene function and gene interaction maps obtainable from
online databases like Gene Ontology (http://www.
geneontology.org/).
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