A genome-wide association study
identified a major QTL affecting the
red colour in nitrate free hams
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evaluation of meat quality parameters of heavy pigs for
protected designation of origin (PDO) ham production
using innovative genomic and process technologies.
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Introduction
In Parma ham that is free of nitrites/nitrates, the colour is bright red
(lipophilic stable red pigment).

(Images derived from Wakamatsu, 2022)

HO @)

* Antioxidant activity.
* Stable against light, heat and low oxygen concentration.

Wakamatsu, J. (2022). Evidence of the mechanism underlying zinc protoporphyrin IX formation in nitrite/nitrate-free dry-cured Parma ham. ALMA MATER '-\..\_.WR_,.M
3 Meat Science, 192, 108905. https://doi.org/10.1016/j.meatsci.2022.108905. SRR BEEOLoG
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Aim of the study

To identify genomic regions related to variation of the phenotype,
activity of the enzyme ferrochelatase (FECHA). A GWAS was employed
as a genetic method for the study, on samples derived from the
Semimembranosus muscle of hybrid pigs




Materials and methods

Animals
* Commercial hybrid pigs.

* No pedigree data and nor litter information.

(Images source:

* Piglets from different litters are mixed. https://www.qualigeo.eu/prodotto-

qualigeo/prosciutto-di-parma-dop/)

e 238 fresh hams (from 114 barrows and 124 gilts).




Phenotypic analysis
* FECHA was expressed as nmol of ZnPP formed min? 100 g dry

matter (Parolari et al., 2016 with slightly modified).

Genotyping
e DNA extraction from Semimembranosus muscle.
* Extracted DNA samples were analyzed with GeneSeek® Genomic

Profiler porcine HD genotyping array (68,516 markers).

Parolari, G., Aguzzoni, A. & Toscani, T. (2016). Effects of Processing Temperature on Color Properties of Dry-Cured Hams Made P
ALMA MATER STUDIO

6 without Nitrite Foods, 5, 33. https://doi.org/10.3390/foods5020033



Statistical analysis

Quality control (MAF < 0.05, HWE < 0.001, call rate > 10%).
Genetic distance population & vector extrapolation.

PCA.

Cleaning of samples (IBS > 0.9).

GWAS

SNPs significant for P-values below the genome or chromosome-wide
threshold of 1 and 5% (corrected for the genomic inflation factor A,
close to 1).

Test significant for FDR < 0.01.



* Detection of the nearest genes, £ 500 kb region flanking the
associated SNPs, and isoform characterization (FECH-201 and
FECH-202).

* Post GWAS:
Viia = B + G; + sex; + slau, + farm, + ¢;,

y = observation vector for the ith trait;

1L = mean of the population;

G = fixed effect of each SNP (i =1, 2, 3);

sex = two levels for barrows and gilts;

slau = five levels for slaughter day;

farm = three levels;

e = error represent random effects of residues

* Linkage disequilibrium analysis performed using Haploview 4.2 .
software o



Results

PC1 (12.45 %)

PC3 (6.2 %)

"9 %, PC2(8.07 %)

SNPs ALGA0005395! | ASGA0004152! | DIAS0002366*
Reference n° of SNPs rs81355515 rs81216562 rs81216057
nt on S.scrofa chr 1 106,952,113 106,877,209 106,917,692
effB (SEB) -4.85 (0.75) -4.92 (0.76) -4.92 (0.76)
Eff (AB) -5.61 -5.46 -5.46
Eff (BB) -9.44 -9.73 -9.73
FDR 4.02E-11 4.02E-11 4.02E-11
1 0.51 0.55 0.41
Allele frequencies
2 0.49 0.45 0.59
11 0.27 (65) 0.32(77) 0.2 (48)
Genotype frequencies (12| 0.48 (113) 0.46 (108) 0.41 (98)
22 0.25 (59) 0.22 (52)

11% genome-wide significant markers.

0.38 (91)

ALMA MATER STUDIORLUM
UMNIVERSITA DI BOLOGMNA



ASGA0004152 DIAS0002366 ALGAO005395
(Missense variant, (Synonymous variant (Intronic variant,
Val > Ala on FECH) on NARS1) on ENS55CG00000057874)
| 124.71 kb Forward strand g
106.86Mb 6.88Mb 106.90Mb 92Mb 106.94Mb 106.96Mb
Genes (Ensembl) T 14
ENSSSCTO0000047084 > ENSSSCT00000092369 >
protein coding IncRNA
G (E bl) W Ol A
enes {ensem < FECH-202 - ENSSSCT00000053748 < NARS1-203 - ENSSSCT00000098294
protein [coding protein coding
(I S ) S A i A A e E———— | A A A A A
< FECH-201 - ENSSSCT00000005016 < NARS1-202 - ENSSSCT00000005017
protein coding protein coding
- / Ol M A
< NARS1-201 - ENSSSCTO00000064163
protein coding
106.86Mb 106.88Mb 106.90Mb 106.92Mb 106.94Mb 106.96Mb

- Reverse strand

124.71 kb

Gene Legend

Protein Coding
Bl cnsembl protein coding

There are currently 176 tracks turned off.

Non-Protein Coding
B rNA gene

Ensembl Sus scrofa version 110.111 (Sscrofall.l) Primary_assembly 1: 106,843,786 - 106,968,496

(https://www.ensembl.org/Sus_scrofa/Location/View?r=1:106843786-106968496;db=core;time=1692716964902.902)
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* Three linkage blocks in the region 106.6-107.3 Mb of porcine chr 1

SNPs ALGA0005395 |ASGA0004152 | DIAS0002366
1 s , P-value <2.2E-16 <2.2E-16 < 2.2E-16
= g h ; g = g = 11 49.7 50.2 48.9
% % % % % % % % % % EMM 34 31.6 29.8
= 2 &2 2 22 § =2) %7 <

22

Block 1 (17 kb) Block 2 (109 kb) |Block 3 (74 kb)

A 11-12| 15.70" 18.60""" 15.80™""
21
Contrasts! |11-22|  33.50"" 35.80" 34.80""
12-22| 17.80" 17.10% 19.00%"
Additive effect? ok k * % * %
To G2
o Dominance effect 0.65 0.74 0.49

1 *#** significant for P < 0.001.
2 *** significant for P < 0.0001.

ALMA MATER STUDIORLUM
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Discussion

* The animals showed highest and lowest FECHA were homozygous for ALGA0005395,
ASGA0004152 and DIAS0002366 markers most significantly associated with this parameter.

$

Important effect exerted by the alleles

* Now there is no indication whether these two transcripts (FECH-201
and FECH-202) may be responsible for a different FECHA (or just in

4

linkage).

A large difference was noticed between the EMMs for the __
opposite homozygotes of ASGA0004152 was observed. -
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124,71 kb

Forward strand

——
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« SIFT (https://sift.bii.a-star.edu.sg/) reveals that
variant ASGA0004152 (rs81216562) is not deleterious
for both transcripts (FECH-201 and FECH-202).

4

\l/
le\ Compatible with the function

of the coded protein
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NARS1, ENSSSCG00000033063
and ENSSSCG00000057874 genes

can be also considered positional
candidates for FECHA.



Conclusion

* FECHA is a trait has not yet been considered for GWAS or other association
analysis.

e ASGA0004152 can be considered an interesting
candidate for further studies.

e ASGAO0004152 influences the activity of the translated peptide and, as a
consequence, the efficiency of the enzymatic reaction catalyzed.

14
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Statistical analysis

18

Descriptive statistics and Pearson correlations:

All statistics on phenotypic traits related to pig carcass, fresh and salted hams, and processing weight losses were
obtained by SPSS ver. 28 statistical package (SPSS Inc., Chicago, USA). Person phenotypic correlations were evaluated

between the ham-assayed quality traits and the technological traits measured over processing.

Genome-wide association study:

Markers mapped in sex chromosomes, on the mitochondrial genome, or unmapped, were removed (5,497 markers were

escluded).

Quality control .

¥

Genetic distance population &
vector extrapolation

L 2

63,019 SNPs

gPLINK 1.9 (based PLINK 1.07; Purcell et al., 2007)

SNPs were excluded:

Call rate for SNP < 90%

Minor allele frequency (MAF) < 0.05

Hardy-Weinberg equilibrium with P-value < 0.001
Individuals with call rate > 10% of missing data were removed

PLINK

Principal components analysis

Factor:farm1, 2,3

¥

check.marker function of GenABEL (R version 3.4.4)
Cleaning of and the samples with the:

samples Identity by state > 0.9 were removed
‘ 51,166 SNPs e 237 individuals obtained

A
U

LA MATER STUDIORUM
MIVERSITA DI BOLOGMNA



19

e polygenic (grammar-gamma) and gtscore functions GenABEL (Nicolazzi et al., 2015).

e Statistical model included sex, the day of slaughter, and the farm (each farm was characterised by a genetic
type) as fixed effects.

GWAS * Genomic kinship matrix calculated using the ibs function in the GenABEL and considering the employed
SNPs included in the statistical model to infer the pedigree relationships among the pigs

e Additive polygenic model fitted with a genomic relationship matrix:

Y, = XB; +Za; + e

Y, = observation vector for the ith trait;

B = vector of effects for three factors (sex = barrows and gilts; slaughtering date = d1, d2, d3, d4, d5 and farm = f1, f2 and f3);
a = animal (random factor)

e = residuals (random factor)

They assumed to be normally distributed as a, ~ N(0,Go,?) and e, ~ N(0,l0.?):
G = genomic relationship matrix;

0,2 = additive genomic variance

0,2 = residual variance

SNPs significant for P-values below the genome or chromosome-wide threshold of 1 and 5% (corrected for the genomic inflation
factor A, close to 1 with minimum value of 0.9999805 for all traits, a good correction for the stratification of the samples).
Test significant for FDR < 0.01.

ALMA MATER STUDIORUM
UMIVERSITA DI BOLOGNA
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Detection of the nearest genes an isoform characterization:

* Genes present within * 500 kb region flanking the associated markers used for identification of candidate genes
(ENSEMBL pig genome viewer).

* Characterise the two swine Ferrochelatase (FECH) mRNA isoforms (FECH-201: ENSSSCT00000005016; FECH-202:
ENSSSCT00000053748).

* To define where the mutant SNP located within the two mRNAs (blastn online tool)

Post genome-wide association study:

* For significant markers, an association study for each SNP performed to estimate the effect of the alleles with a

linear model to obtain the Estimated Marginal Means (EMM). The fixed effects were sex, day of slaughter, and
farm:

Viia = B+ G; + sex; + slau, + farm, + e;,

y = observation vector for the ith trait;

K = mean of the population;

G = fixed effect of each SNP (i=1, 2, 3);

sex = two levels for barrows and gilts;

slau = five levels for slaughter day;

farm = three levels;

e = error represent random effects of residues

* Linkage disequilibrium analysis performed using Haploview 4.2 software with default settings and using the
most significant markers (i.e the markers showing the three genotypes or having a P-value and/or the contrasts
significant) located on Sus scrofa chromosome 1



Results

* 14 genome-wide association markers were
associated with the FECHA on the limited region
of porcine chromosome 1 (105.75-116.36 Mb).

PC3 (6.2 %)

PC1 (12.45 %)

"% ., PC2(8.07 %)
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Allele .
Ref ¢ frequencies Genotype frequenaes"
eference nton " 2 3
SNP markers 1 of SNPs s.scrofa chr 1 Al A2 effB(SEB) effAB: effBB FDR
1 2 11 12 22
[ ALGA0005395Y)| rs81355515 106,952,113 G c | -4.850.75) | -5.61 9.44 §4.02e-11 051 | 0.49 | 0.27(65) | 0.48(113)] 0.25 (59)
rs81216562 | 106,877,209 A G | -4.92(0.76) | -5.46 9.73 §4.02e-11] 055 | 0.45 | 0.32(77) | 0.46 (108)] 0.22 (52)
rs81216057 | 106,917,692 A G | -4.92(0.76) | -5.46 9.73 {4.02e-11 0.41 | 059 | 0.20(48) | 0.41(98) | 0.38(91)
H3GA00024885 | rs81355534 | 107,100,243 G A | -449(0.77) | -4.19 -8.99 |1.39e-08| 0.49 | 0.51 | 0.22(53) |0.53(126)] 0.24 (58)
INRA00036475 |rs321031460| 106,714,123 C A | -4.74(0.84) | -5.63 851 |3.51E-08| 0.07 | 0.93 | 0.00(0) | 0.15(35) | 0.85(202)
ASGA0095614° | rs81474204 | 106,683,184 A G | -4.50(0.81) | -5.05 -8.55 |[6.03e-08| 0.66 | 0.34 |0.45(106)]0.43(102)| 0.12(29)
ASGA0004144° | rsg81355510 | 106,697,548 A c | -4.50(0.81) | -5.05 -8.55 |6.03E-08| 0.32 | 0.68 | 0.10(24) | 0.43(102)]0.47 (111)
ASGA00041615 | rs81355527 | 106,823,633 G A | -485(094) | -5.79 -7.17 |1.57€-06| 0.25 | 0.75 | 0.06(14) | 0.38(90) | 0.56 (133)
ALGA0005414° | rs80808933 | 107,261,641 A G | -4.18(0.82) | -3.21 -8.45 |[2.21E-06| 042 | 0.58 | 0.13(30) | 0.58(137)| 0.30(70)
ALGA0005524° | rs80820778 | 110,947,652 G A | 4.24(0.93) 4.68 751 |9.426-05| 070 | 0.30 |0.48(113)]0.46 (108)| 0.07 (16)
INRA00039235 | rs318548067 | 116,359,904 G A | -3.39(0.80) | -3.01 -7.09 |839E-04| 0.70 | 0.30 [0.51(121)| 0.39(92) | 0.10 (24)
INRA0003610° | rs319996306| 105,751,534 A Cc | -3.88(0.95) | -4.61 -5.83 |2.23e-03| 0.85 | 0.15 [0.71(168)| 0.28(66) | 0.01(3)
H3GA00024837 | rs80929711 | 106,679,629 G A 2.96(0.74) 5.44 5.66 |[4.336-03| 034 | 0.66 | 0.12(29) |0.43(102)] 0.45 (106)
ALGA0005538¢ | rs80800059 | 111,184,327 G A 3.13(0.86) 4.50 464 |2.856-02| 0.79 | 0.21 |0.61(144)| 0.37(87) | 0.03(6)
1 Effect of the B allele in the allelic test; SEB: SE of effB reported in brackets.
2 Effect of the AB genotype in the genotypic test.
3 Effect of the BB genotype in the genotypic test.
4 The number of samples is reported in brackets.
5 1% genome-wide significant markers.
6 5% genome-wide significant marker.
7 1% chromosome-wide significant marker. =
8 5% chromosome-wide significant marker. 7
: .f,‘. =
ALMA MATER STUDIORUM
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Results

PC1 (12.45 %)

PC3 (6.2 %)

Farms

», PC2 (8.07 %)

22

ret - e | Eee Allele Genotype
eference nt on e frequencies | frequencies
SNP n° of SNPs | S.scrofa chr 1 Al | A2 (SEB) | AB | BB FDR
1 2 11 12 22
e -4.85 0.27]0.48 | 0.25
) _ ] ) : : :
ALGAO005395*| rs81355515 | 106,952,113 G C (0.75) 5.61|-9.44 0.51 | 0.49 (65) |(113)| (59)
-4.92 0.32]10.46 | 0.22
1 - -
ASGA0004152*)rs81216562 | 106,877,209 A G (0.76) 5.46(-9.73 0.55 | 0.45 (77) | (108)| (52)
-4.92 0.2010.41 ({0.38
1 - -
DIAS0002366" | rs81216057| 106,917,692 A G (0.76) 5.46(-9.73 0.41 | 0.59 48) | (98) | (91)

1 1% genome-wide
significant markers.

= | Eli g A
= g d 3
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* Three linkage blocks in the region 106.6-107.3 Mb of porcine chr 1

23

H3GADDD2483

ASGA0095614 ~ / /

ASGA0004144 | |

INRAO003647 |

ASGAD004161 ' | /
AsGao0o0a152 /| | |

Block 1 (17 kh)

Block 2 (109 kb |Elock 3 (74 kh)

w0
©
o
ol
=
(=]
S
w
=1
[=]

ALGAO005395 |/

H3GADD02488
ALGADDDS414

=1
-
=2

70 G2
63
SNP pvalue EMM Contrasts’ Additive | Dominance
11 12 22 | 11-12 | 11-22 | 12-22 | effect’ effect
ALGA0005395 | < 2.2E-16 | 49.70 | 34.00 | 16.10 | 15.70*** 17.80%* | **x 0.65
ASGA0004152 | < 2.2E-16 | 50.20 | 31.60 | 14.50 | 18.60*** 17.10%* | *** 0.74
DIAS0002366 | < 2.2E-16 | 48.90 | 29.80 | 14.10 | 15.80*** 19.00"* |  **x 0.49

1 *** significant for P
2 ¥** significant for P

< 0.001.
< 0.0001.

- S
= g d 3
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Garas [Ensambl)

Genes ([Ensembl)

Geno Logend

T
14 15 16 17

40 50 60
1

2

Observed
30
|

00

0 5 10

Expected 12

Chromosome
ASGA0004152 DIAS0002366 (between NARS1 and
(Val > Ala) (Synonymous variant) ENSSSCG00000033063)
10500 kb Forward 4 -
146,150 146, 15MEs 64T 46,0008 146,090 196,30ME: 1865108 196,320 146,308 196, 1ME: 146,35
1
ENSSSCTHb000047084 spratein coding  ENSSSCTI0N0GTY!BO alneNA
— S ¥ A Y AR S S SR T —— | 0 VST N | SRR S N | N | N N
« FECH-202protein coding « NARS1-201prateln codirg
— W% 4N A A 0 0 0 ] e A A -
< FECH-201 protein coding « RARS1-H0dproteln coding
106,850 106,450 HEATHE HE4EME 106,438 106 38 HEHNE HEIIME 116930 106,148 148.95M8
- Rvures e 10300 kb
Protein Coding Hon-Prataln Coding B
B Ensomb pratein coding I RNA gone o
Thars ars curranily TH bracks furpsed eff ATER STUDIORUM

Ensembl Sus sorofa versbon 105111 (Sscrofall ) Chresnosoms 1: 106,850,000 - 106,953,000
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SNP markers

ALGA0005395

ASGA0004152

DIAS0002366

H3GA0002488

INRA0003647¢

ASGA0095614

ASGA0004144

ASGA0004161

ALGA0005414

ALGAO0005524

INRA0003923
INRA0003610

H3GA0002483

P-value

<2.2E-16

<2.2E-16

<2.2E-16

2.36E-15

3.67E-05

5.62E-13

1.21E-12

0.09

1.71E-05

0.10

0.57

0.14

3.61E-13

EMM* Contrasts® Additive Dominance
12 2 11-12 11-22 12-22 effect? effect?
3400 [ 16.10 15.70™" 33.50"" 17.80"" xnk 0.65
31.60 | 14.50 18.60" 35.80"" 17.10"" *rk 0.74
2980 | 14.10 15.80™" 34.80"" 19.00"" xnk 0.49
4670 | 3520 | 1570 19.50™" 31.00"" 11.60"" *ak 0.11
- 2000 | 36.10 - - -16.10™" - -
43.0 29.90 | 12.40 13.10™" 30.50"" 17.50"" *rk 0.42
42.8 2860 | 1260 16.10"" 30.30" 14.20"" *rk 0.75
43.7 3050 | 34.70 13.22 9.00 -4.22 0.17 0.03
51.2 3350 | 26.80 17.66™" 24.36" 6.69"" *ak 0.07
31.9 3420 | 44.60 -2.36 -12.77 -10.40 0.03 0.26
334 3510 | 30.00 -1.68 3.40 5.08 0.50 0.30
395 3830 | 31.80 6.55 7.78 1.23 0.61 0.74
1240 | 2990 | 43.10 -17.50 -30.70 -13.20 *ak 0.44

1 All significant Estimated Marginal Means; adjusted means of the considered trait according to the statistical model used effects are

significant for P < 0.001.

2 *¥** means that the contrasts are significant for P < 0.001.
3 *** means that the effects are significant for P < 0.0001.
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