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Abstract

Quail eggs comprise a significant and favourable part of table eggs in certain countries. Some quail eggs, however,
present fishy off-flavor which directly influences their quality. It is reported that flavin-containing monooxygenase 3
(FMQO3) is associated with fish-odour trait in human and animal products. FMO3 is responsible for the degradation of
trimethylamine (TMA) in vivo. Loss-of-function mutations in FMO3 gene can result in defective TMA N-oxygenation,
giving rise to disorder known as “fish-odour syndrome” in human, as well as the fishy off-flavor in cow milk and
chicken eggs. In order to reveal the genetic factor of fishy taint in quail eggs, we cloned the cDNA sequence of quail
FMO3 gene, investigated FMO3 mRNA expression level in various tissues, detected SNPs in the coding region of the
gene and conducted association analysis between a mutation and the TMA content in quail egg yolks. The 1888 bp
cDNA sequence of quail FMO3 gene encoding 532 amino acids was obtained and characterized. The phylogenetic
analysis revealed quail FMO3 had a closer relationship with chicken FMO3. The FMO3 mRNA was highly expressed
in liver and kidney of quail. Nine SNPs were detected in the coding sequence of quail FMO3 gene, including a
nonsense mutation (Q319X) which was significantly associated with the elevated TMA content in quail egg yolks.
Genotype TT at Q319X mutation loci was sensitive to choline. With addition of choline in the feed, the quails with
homozygote TT at the Q319X mutation loci laid fish-odour eggs, indicating an interaction between genotype and diet.
The results indicated that Q319X mutation was associated with the fishy off-flavor in quail eggs. Identification of the
unfavorable allele T of quail FMO3 gene can be applied in future quail breeding to eliminate fishy off-flavor trait in
quail eggs.
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Introduction

Flavin-containing monooxygenases (FMOs, EC 1.14.13.8)
are responsible for the oxidation of numerous xenobiotics
containing a nucleophilic nitrogen, sulfur, phosphorous, or
selenium heteroatom [1,2]. Consequently, FMOs are involved
in the metabolic activation or detoxication of numerous
xenobiotics including pesticides, drugs, and dietary-derived
compounds [3,4]. FMO3 enzyme is considered to be the most
important member of the FMO family with respect to the
metabolism of foreign chemicals [5] and it is the predominant
FMO isoform present in adult human liver involved in the
degradation of trimethylamine (TMA) [6]. TMA is thought to be
the primary endogenous substrate for FMO3 and a product of
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the breakdown of dietary chemicals such as trimethylamine N-
oxide (TMAO), choline, lecithin and betaine by the reductive
action of gut bacteria [7]. In human, although other isoforms
can oxidize TMA under non-physiologic conditions, TMA is
metabolized exclusively to its non-odorous N-oxide primarily by
FMO3 [8], and is then effectively cleared and excreted in the
urine [9]. The individuals with disabled FMO3 cannot oxidize
TMA to TMAO in the liver, and that will result in massive
amounts of TMA excreted in urine, sweat and breath and
present a body odour like the rotting fish, which is called
trimethylaminuria (TMAU) or fish-odour syndrome [10,11]. This
metabolic disorder disease is inherited in a recessive manner.
The fish-odour syndrome in human is due to the loss-of-
function mutations in FMO3 gene encoding FMO3 enzyme.
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Some mutations of the FMO3 gene can either abolish or
diminish the catalytic activity of the enzyme. Since the first
P153L mutation in human FMO3 gene was verified to be
associated with TMAU [12], more than 30 distinct causative
mutations in human FMO3 gene have been identified in
subsequent studies [13-16].

Some animal products such as cow milk and chicken eggs
also present fishy off-flavor or fish-odour due to the elevated
levels of TMA in them [17,18]. FMO3 gene had been identified
as the causative gene of the fish-odour trait in cow milk and
chicken eggs. In cow, a nonsense mutation in exon 6 of FMO3
gene caused a premature termination of the protein. It seemed
that cows with homozygous R238X mutation in FMOG3 ortholog
showed a complete lack of FMO3 activity and the TMA cannot
be oxidized and accumulated in cow milk, which leaded to the
fishy off-flavor in milk of Swedish Red and White dairy breed
[19]. In chickens, a nonsynonymous mutation (T329S) was
associated with elevated levels of TMA and fishy taint in egg
yolks in several chicken lines. It changes an evolutionarily
highly conserved amino acid in pentapeptide motif FATGY and
may lead to a disfunction of FMO3 enzyme and accumulation
of TMA in egg yolks [20].

Quail eggs are an important source of nutrients and
comprise a significant and favourable part of table eggs in
certain countries. The fish-odour occurs occasionally in some
quail eggs, and the quail FMO3 gene is supposed to be the
candidate gene for this trait. In this study, we cloned the full-
length cDNA sequence of the quail FMO3 gene and
investigated the mRNA expression profile of the quail FMO3
gene. We also described the variation in the quail FMO3 gene
coding sequence and found a nonsense mutation (Q319X) in
exon 7 was highly associated with the elevated TMA content in
quail egg yolks, which could be used as an important marker to
eliminate the fishy taint in quail eggs in future quail molecular
breeding.

Results

Sequence characterization of quail FMO3 gene

After splicing the partial coding region (673 bp), rapid
amplification of cDNA ends (RACE) product sequences (3'-
RACE and 5-RACE), a 1888 bp full-length cDNA of quail
FMO3 gene was obtained with a 37bp 5’ untranslated region
(5 UTR) and a 253bp 3’ untranslated region (3' UTR). It had
been deposited into the GenBank database (GenBank:
JQ955622). Quail FMO3 cDNA contained a 1599bp open
reading frame (ORF) which encoded 532 amino acid residues
(Figure 1). The theoretical isoelectric point (pl) and molecular
weight (Mw) of quail FMO3 protein was 8.53 and 60.77 KDa,
respectively. The 3'untranslated region included a
polyadenylation signal sequence AATAAA (Figure 1). The quail
cDNA sequence shared highest identity (92%) to that of the
chicken FMO3 gene (GenBank: NM_204579.1).

The deduced amino acid sequence of quail FMO3 shares the
93% identity with that of Gallus gallus (GenBank:
NP_989910.1) and 81% with Anas platyrhynchos (GenBank:
AGC00818.1), and relative low identity with other species, e.g.
63% with that of Rattus norvegicus (GenBank: NP_445885.2),
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60% of Mus musculus (GenBank: NP_032056.1), 61% of Canis
lupus familiaris (GenBank: NP_001003060.1), 62% of
Oryctolagus cuniculus (GenBank: NP_001075715.1), 62% of
Macaca mulatta (GenBank: NP_001028065.1), 63% of Bos
Taurus (GenBank: NP_776482.1), 61% of Pan troglodytes
(GenBank: NP_001009092.1), 61% of Pongo abelii (GenBank:
NP_001124820.1) and 61% of Homo sapiens (GenBank:
NP_001002294.1). The multiple alignments of duck FMO3
protein with those of other species were presented in Figure 2.
The result of multiple sequence aligment revealed quail FMO3
protein sequence includes the FMO-signature motif
(FXGXXXHXXXY), FAD-binding motif (GXGXXG), NADPH-
binding motif (GXGXXG) and the conserved FATGY motif.
These results verified that this cDNA sequence is the cDNA of
quail FMO3 gene.

Phylogenetic relationships of FMO3 protein among
species

The phylogenetic tree of FMO3 protein sequences from 14
species could elucidate the genetic relationships of quail FMO3
protein with other species. Based on the Bootstrap Value
(Figure 3), all species could be clustered into three different
subgroups. While three avian species were grouped into one
cluster, quail was closer to chicken than to duck (Figure 3). The
result was consistent with previous molecular evolution results,
which indicated that chicken can be a good model to study the
function of quail FMO3 gene and protein.

FMO3 mRNA expression profile in quail tissues

The real-time PCR results showed that quail FMO3 mRNA
was highly expressed in liver and kidney, and intermediately
expressed in lung and skin, whereas quite low expression
levels were found in the other 10 tissues including heart,
spleen, pancreas, jejunum, cecum, fallopian tube, ovary, vas
deferens, testis, and breast muscle (Table 1 and Figure 4). The
ANOVA analysis results revealed that the mRNA levels of quail
FMOS3 in liver and kidney were significantly (P <0.05) higher
than those in other 12 kinds of tissues (Figure 4). The
expression level in lung were significantly (P <0.05) higher than
heart, spleen, pancreas, jejunum, cecum, fallopian tube, ovary,
vas deferens, testis, and breast muscle.

SNPs found in quail FMO3 gene

A total of nine polymorphisms were identified in the coding
region of quail FMO3 gene (Table 2), including one nonsense
mutation, one missense mutation, and 7 synonymous
mutations. Only the nonsense mutation (SNP 3) and missense
mutation (SNP 6) lead to the amino acid change. SNP3 was a
single base change (C to T) at position nt992 in exon 7 of
cDNA sequence (GenBank: JQ955622), leading to the codon
change from CAG to TAG and the corresponding Q (glutamine)
to X (stop codon) at position 319 in amino acid sequence
(GenBank: AFY98079.1). Thus the nonsense mutation was
denoted Q319X.

The missense mutation (SNP6) changes the codon from T
(threonine) at position 329 to | (isoleucine), but we found only
three heterozygous individuals for this missense mutation in
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1 ACTAGTGATTGAAGCAACACAGGCTGCACAGGACATJATGGTGCGACGCGTGGCTGTGGT
M VRRVAVYV
61 GGGTGCAGGCATCAGTGGGTTGGCAGCCACCAAGTGCTGTCTGGAAGAGGGGCTGGAACC
GAGISGLAATZ KT CCLETETGTLEP
121 CACCTGCTTTGAGCAGAGCGAGGACATCGGGGGGCTCTGGCGCTACACGGAAAAGCCAGA
T ¢FEQSEDTIGGLWRYTETKPE
181 GGAAGGCAGAGCTAGCATCTACCGCACTGTCTTCACCAATTCTTGCAAGGAAATGATGTG
EGRASITYRTVFTNSZ CIKTEMMEC
241 CTACCCTGACTTCCCTTTCCCCGATGACTACCCCAACTACATACACAACACACGGCTCCA
Y PDFPFPDDYPNYTITHNTRLH
301 TAAGTACATCCGTGACTATGCACAGCATTTTGACCTTCTCCGGCACATCCGCTTCAAGAC
K'Y I RDYAQHFDULVLRHHTIRTEFIKT
361 CTTGGTCACCAAGATAAGGAAGCGTCCTGACTTCAGTGCTACGGGGCAGTGGGAAGTGGT
LvTEKTITRIKTRPDFSATG G QWEVYV
421 TACACAGAAAGACGGGAAGGAAGAGGCAGCGGTTTTTGATGCTGTTATGGTTTGCTCTGG
T Q KD GKEEAAV FDAVMVCSG
481 GCACCATGTCTACCCAAACCTCCCCCTTGCCCACTTCCCAGGGATAGAGAAGTTTAAAGG
HHVYPNLPLAHNF®POGTIEZKTFKSG
541 CTGCTACTTACACAGCCGGGAGTACAAGGGGCCGGAAAAGTTCAGAGGGAAGAAGGTGCT
CcCYLHSREYZ KT GPETZ KT FRSGEKTIKVL
601 GGTGGTCGGCTTGGGCAACTCTGGCTGTGACATTGCTGTGGAGCTCAGCACCGTGGCCTC
vvG6GLG6GNSGCDIAVELSTVAS
661 ACAGGTTTACCTGAGCTCCAGAAGGGGCTCTTGGGTGATGAGTCGTGTCTGGAACTTTGG
Q VY LSSRRGSWVMSIRVWNTFSG
721 CTACCCCTGGGACATGCTGCTCATCACCCGCTTCTGGACGTGGCTGGACAACTTTATCCC
ypWwW>DMLLITRFWTWLDNTFTITP
781 CAAGGCAGTCAGTGACTGGCTCTATGTCAGGAACATGAACCAGCAGTACAAACATGAGGA
KAV SDWILYVRNMN® QQYXKHED
841 CTTTGGGCTCATGCCAGTGGATGGAACATCCCGCAGGGAACCAGTGTTGAATGATGACAT
FGGLMPVDGTSRREPVLNDDI
901 CCTCAGCCGCATCACGTGTGGTGTGGTGCTGATAAAGCCAAGTGTGAAGGAATTCAGAGA
LSRRI TCGVVLTITZ KPSV KZETFRE
961 AACGTCAGTCTTGTTTCAAGATGGGACTGTGCAGGACGACCTTGATGCAGTTATCTTTGC
T sVvVL>LFQDGTYVQDDILDAVITFA
1021 CACTGGTTACTCTCACTCCTTTCCTTTCATGGAGGACAAATCCATCATTAAAAGCAGGGA
T ¢y suHsFPFMEDZE KT STITIZEKS SR RE
1081 ACATGAGATTTCCCTCTACAAATGCATTGTTCCTCCTCAGCTGGAGAAGCCAACCATGGC
HETSLYZ KT CTITVPPQLETZ KTPTMA
1141 AGTCATTGGGATGGTCCAGTCCTTTGGGTCTGCCATCCCAACAGCAGACGTCCAGTGCCG
vIieMyvesSFGSAITPTADVQCR
1201 CTGGGCAGTCAAGGTGTTTCAGGGGCTCTGCAAGCTCCCCTCAGTCAGCGAGATGCTGGA
WAV KVFQGLCKTLPSVSEMLE
1261 GGAGATAGAAGAGAGGAAGAGTTATAGGATCAAATGGTTCGGGACAAGCAACACGCTGCA
ET EERKSYRTIZKWEFOGTSNTL Q
1321 GATGGATTACATCACCTACATGAATGAGCTGACCTCAGACATCGGTGCAAAGCCCAACGT
MDY TITTYMNETLTSDTIGAZ KTPNYV
1381 GCTCAAGCTCCTGTTGACAGACCCACTACTGGCCCTGAAGGTCTTCTTTGGCCCCTGCAG
L kKLLtLTDbDPLLALZKVYVFTFGPCS
1441 CCCCTACCAGTTCCGCCTGACAGGGCCAGGGAAGTGGAGTGGAGCCAGGAGAGCCATCTT
PYQFRLTGPGKWSGARTRATITF
1501 CACCCAGTGGGACCGGACGCTGAAGCCCACGAGGACACGTGAAGCCCCCCCTGCCAGCAG
T Q WbRTLIK®PTRTTREAPPASS
1561 TACAGTCCCCAGTCTGCTGGTGGTAGGGATACTCTTTCTCCCGCTTCTCCTTCTCCTCAC
rvesLLVVGGILFLPILILTLTLTLT
1621 TGTTCTCTATTGHTAGHGGGGTGGGGAGGGCTGCAGGCGTACCGAGTAGCTCTGTGTACG
Vv L Y W %
1681 GGATGCTTTCTGCTGACCACCGTTTGTGCTGCTGCCTGACTCCTTGCCCAGCTAATTCAT
1741 TGAGAGCTCCCCTATATATAATATACAGCTATGTAAACTGGTGTAACCTCGGTGCCTTGT
1801 GAATTTGGGACCTTTCACAGCTGTGGCTATGACAAAGTATAAAAGTGTCATCTGGTGATT
1861 TTATCTCTAAAAAAAAAAAAAAAAAAAA

Figure 1. The full-length cDNA sequence of quail FMO3 gene. The initiator codon and stop codon are showed in black boxes,
and the polyadenylation signal sequence is underlined.
doi: 10.1371/journal.pone.0081416.g001
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a, 10 20 30 40 50 60 70
Homo GKK\ZAT I[ehNeJVEIeh®:\ ASICLEEGLEPTCFERSINDIGG LWISIHEFIEEGRAS I YIS VFEINSEIKE M|
Pongo GK K\@AT I [ehNeiVEeh®:\ ASCLEEGLEPTCFERSINDIG G LWESIHIEINEEGRAS I Y VFENSEIKE M|
Macaca e VAIMIGAG)\YSGLA] SBICLEEGLEPTCFERSIINDIG G LWESIIEVAE EGRAS I Y@ VF AN SBIKE M|
Canis GK ASICLEEGLEPTCFERSIADING G LWESIINPAE EGRAS I Y[ORVF N SEIKE M|
Bos Y8 VAISIGAGIISG LA ANCLEEGLEPTCFERSEIADING G LWESISHIEMWME EGRAS I YRR VF N SEIKE M|
Oryctolagus GKK\ZAT I [ebNel T Slehy JBICLEEGLEPTCFEREINDIG G LWESISHIEFAE EGRAS I Y[R VF N SBIKE M|
Rattus K| ACLEEGLEPTCFERSINDIGG LWESISHIEMIEEGRAS I Y[ORIVF YN SBIKE M|
Gallus VIR MCLEEGLEPTCFE[SHINDIGGLWESSSNEIEEGRAS I YRRSRVFINS[®KE M|
Coturnix VIR MCLEEGLEPTCFE[SSINDIMGGLWESSRNGIEEGRAS I YRRIVFINS[®KE M|
Anas VR MCLEEGLEPTCFERSNDIGG LWESSPAEMMEEGRAS I YRSNVFEYNS[®K E M|
GXGXXG
FAD-binding motif
o 109
Homo ' AK|E K Npfad
Pongo F'AK|E K Npfad
Macaca FAK|E K Spfad
Canis IF SKE KNps#
Bos F'AK|E KNpfad
Oryctolagus FARE KN4
Rattus FAT|E KNpfad
Gallus YAQ|HF DifsAR H R )Y
Coturnix YAQHF DpMAR HpaRIY
Anas YAﬂHFDHR
170
Homo MRS F K GlgeligH S RIJY K|
Pongo MRS F K GigeigH S RJY K|
Macaca N F K Gi®ligH S Rsl Y K|
Canis AQFF K Gy H S RN Y K|
Bos K L)gelK CFLEERIAD PN
Oryctolagus i3I F K Gy H S R Y K|
Rattus MR F K GleligH S RIJY K| GLGNSGCDIA)
Gallus JBNF K G[OgifH S RJY K| GLGNSGCDIA]
Coturnix BN F KGOR@IPH S RINY K| GLGNSGCDIA|
Anas E KigelC YLEEPIEp§ GLGNSGCDIA|
FXGXXXHXXXY GXGXXG
FMO-signature motif NADPH-binding motif
220 230 240 250 260 270 280
Homo Uiy S SR YV v (D[N RN L L VIS c i < NNLE T AT SDEJ LfqvK oA R FESBAN Y GERVII LN G VLEIK
Pongo MIEE WID[N[ER@ATEeI L T, T i 8y CUNFIAKNIN|LIJTA T SDTHVKQUNTRFES:UANY G4 LN G VLK
Macaca \j1yS SR WD|N[Eh @RI V| LT i3 GENF IAKININLIJTAT SDP LMK QUSNARF LS8N Y GIAZIA LN G VLIAK
Canis iy S SR WD|D (RS-0 IM | T i 8y F i BAKIN|S(LIJT I I SDWH4M K QUSNARFS: 8N Y GIAJIAT. NG T LK
Bos jjisS SR WD|E [EhSAIILIL | T i 8y F iy M KIN| T (LI T VI SN WHMK QUSNARF LS8N Y GRS TN S T LidK
Oryctolagus V|IEEH 13IV|WD(D [EhgA s L Y VESSIORYF I KINNLIJT AT SDYWE4VK QNSNAKF @8N Y SIACI LN G T LidK
Rattus iy S SR R HGYPWDM VT p YOy FMKNN|LIJTA T SDYWH4MK QISSARF 1 8:8AN Y GIAJS LN G T LidK
Gallus YILEEI R NGYPWDM P8 1N IADIN| F LKAV SDITH4VR SO QO YHS: 84D F GpAledVD G S SR
Coturnix Y|LEERA WIN|E (R @-As) I L 1| T i 8y (W ADIN| ' T)J KAV SD LAV RNESNO QO YHE: 8D F GIAZEdVD G T SidR
Anas YLEER HGYPWDM T|ITp Sy REYWEAD|S|T LK SVNDIY T.p4VR GIUQO L VIS 8ANF Gl VN R T S)AK
290 310 320 330
Homo EP VigNDRFRIIE IR C G| ERSESFED G ThlaeiD [ VEF A T G YRR
Pongo EPVND“ICG ITHATIYEIeRYT|F E G(I|CW TR NgehdS|F A Y P
gacaca EPVNDRICG ITEA TIYEPIERYT(F E G| T CA\Y T)P:NfeqdS|Y|T|Y|T
anis EPVND"ICG TAIEFEAICINYAYP
Bos EPVNDRICG DAIEFKAIYISYAYP
Oryctolagus EPVNDBICG IITHATIYEPIERYVIE E A TINSWYTINdehdG Y A Y P
Rattus EPVNDRICG FEGIPICHYIIPSIedG Y AlYP .
Gallus [E P VEAN D oRSIRISIN T §yC G| O DD|LANY TP Nehd S HS(E P S|
:Coturnix [E P VAN D sRSiBISIN T pyC G| O D D|LJANY T)P-$yehd S H|S(E P S|
Anas [E P VAN D sR RSN T §§C G| O DDVI]V Y VIR SYeRq TV |T|HP S|
FATGY motif
350
Homo i E EKME KKRKW
Pongo [AVIGEVQOSIHGELYATIP T E| EKME KK[RKW
Macaca [AVIGEVQSIGELYAT P T\YDIAQ E[l EKME RK[HKW
Canis AVIGEVOSIGLYYI P TEDIAOEIR WEAAe] VIS AGUYC N L P BlVAY KKRE GK|LKW
Bos AVIGHVQOSIAGELYNT P TRDIAORIR WEAAe] VISNGUYCIS L P BIVa Y EK[MGKK|LKL
Oryctolagus AVIGHVQSIGELYAT P TEDIAORIR WEV-Ne]VISNGECEN L P I8 4 EKMG TK|LEKW
Rattus IAVIGHVQSIIGLYAT P TEDIAOEIR WEV-Ne] ViSAGEyC i L P EiVa 8] EK[MG KK|LEKW
Gallus AVIGHVQSIAGEINI P TEAD\YOR WEASAVIHIGIACE L P BlVa N EKKRNK|[IRW
Coturnix AVIGEIVOSIIGEINT P TIAD\YOGR WESAAVINeIGIACIN L P BIVAS ERKS YR|IKW
Anas IAVIGHVQOSHMGEINI P TEADIMQOGR Wil$: A VIye]G{e]CEN L P jI3\'AS] EKMRMEK|LQW
420 450
Homo ST GEAKIINRIR L) %D P)INLAINAVMF GPCHP YQF R L
Pongo ST GLEAKIINpIZR L) %D P)INL AWSAVIF GPCHP YQF R L|
Macaca SE I GY KNG )33 %§D PINLASAVMF GPCHPYQFRL
Canis ASIHT GEVK)NRSIZN LI SED PISLAVAAVIIF GPCHPYQFR L
Bos ASIHT GEVK)ANSIN IR D PISLAIAAVMF GP CRyP YQOFR L,
Oryctolagus ASINT GAYKIANRSIZAN TIap D PIALAMAVIIF GPCEIPYQFR L
Rattus ASIHT GEVK NS LI AND PIALANSAVIIF GPCHPYQFR L
Gallus SINI GE\KIIN\ABY LISRYD P L AIBAVIJF GPCPNP YOF R L|
Coturnix SINIGEVKIINVABS LISAED PIAL AMMYVIQFGPCRPYQFRL
Anas ASENT GEVKINAYIBS LiRA'SND PIIL AR VIYF GP CRyP YQFR L
490 510 520 530
Homo PCFFFHWLKLFAIPILLIAV|FLVLT
Pongo PCFFFHWLKLFAIPIILLIAV|FLVLT
Macaca PCFFFHWLKPFAIPILLIAV|FLGLT
Canis PCMLCHLVIKLFVLPVLFIAV|FLALI
Bos PCLFCNWF|RPVL[I[SVVSIAALIVLF
Oryctolagus PALFSPWLKLLAIAVLLIAAVLVE .
Rattus PCLYSHFLRLLAVIPVLIALF|LV|LI .
Gallus TLPSLLVLGMLLIIPLLLLLTVLY . .
Coturnix TVPSLLVVIGILFLPILLLLLTVLYW.
Anas LFPISAMLGVLFLPLLLLLALLYW.

Figure 2. Multiple sequence alignments of FMO3 protein sequences in 10 species. Conserved residues are in black. Boxed
residues are semi-conserved. Some important motifs are presented.

doi: 10.1371/journal.pone.0081416.g002
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g5 —— Homo sapiens

100

a3

Pan troglodytes

Pongo abelii

Macaca mulatta

Canis lupus familiaris

100

43— Bos taurus

47

Oryctolagus cuniculus

Rattus norvegicus

100 —— Mus musculus

Anas platyrhynchos

100

Coturnix coturnix

100 L———— Galllus gallus

Xenopus (Silurana) tropicalis

100 L———— Xenopus laevis

Figure 3. Phylogenetic tree of FMO3 proteins of 14 species. Branches of the phylogenetic tree were labelled with species

name.
doi: 10.1371/journal.pone.0081416.g003

140 detected individuals. The mutation frequency of T3291 was
so low that association analysis couldn’t be carried out.

Association of Q319X mutation with the content of TMA
in quail eggs

The locus Q319X was in Hardy-Weinbery equilibrium (P
>0.05) in the experimental population of quail (Table 3).
Association analysis was conducted to assess whether the
genotypes of Q319X mutation in quail FMO3 gene were
associated with the TMA content in egg yolks. Statistical
analysis demonstrated that the TMA content in egg yolks of TT
genotype on Q319X mutation in the experimental period were
significantly higher (P <0.001) than in other groups (Figure 5).
The TMA contents of egg yolks laid by individuals with TT
genotype were more than 9.0 ug/g egg yolks. T allele is the
causative mutation for fish-odour in quail eggs. However, there
was no significant association between three genotypes with
TMA content in quail egg yolk in the adaptation period, and the
TMA content in egg yolk was low (< 3.0 pg/g egg yolks),
suggesting a significant genotype by diet interaction.

Discussion

In the present study, a strategy of reverse transcription PCR
(RT-PCR) and 5-RACE and 3-RACE method were used to
obtain the quail FMO3 cDNA sequence. The 1888bp cDNA
sequence encode a protein of 532 amino acids were obtained

PLOS ONE | www.plosone.org

Table 1. mMRNA expression data about 14 tissues.

Tissues Sample Size Means * SD (X 10000)"
Lung 3 3750.89+3019.77P
Liver 3 10243.75+2648.482
Kidney 3 8745.70+3534.962
Heart 3 9.87+5.28¢
Pancreas 3 1.62+0.33¢

Spleen 3 30.67+5.04¢

Skin 3 1506.69+425.76b°
Breast muscle 3 77.71+44.30¢
Jejunum & 0.53+0.25¢

Cecum 3 35.60+17.78¢
Ovary 3 27.53+3.69¢
Fallopian tube 3 23.82+13.63¢
Testis 3 0.850.62¢

Vas deferens 3 0.07+0.01¢

*. means is the average of three different individuals, and (X 10000) indicates that
Means + SD multiply by 1000.
doi: 10.1371/journal.pone.0081416.t001

from quail liver. The length of quail FMO3 amino acids
sequence was same as that of duck, while the chicken FMO3
amino acids sequence lack of the 532" aa compared to quail
and duck FMO3 protein sequence (Figure 2). The obtained
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Tissues

Figure 4. Relative expressions of quail FMO3 mRNA in 14 tissues. Total RNA from 14 tissues of three quails were used to
perform the gPCR. gPCR was run in triplicates. The expression of quail FMO3 was normalized to the amount of GAPDH mRNA.
Data above were presented as means * standard deviation (SD). Columns sharing different letters (a, b and c) show significant

difference (P < 0.05).
doi: 10.1371/journal.pone.0081416.9g004

cDNA sequence was named quail FMO3 since the deduced
quail protein sequence exhibits more than 80% identity with
known chicken and duck FMO3 amino acid sequence. The
designation of “quail FMO3” to name this cDNA is in agreement
with the actual nomenclature based on the comparison of the
amino acid sequence of the mammalian FMOs [5]. This also
suggested that the cDNA sequence we obtained was indeed
the quail FMO3 cDNA sequence.

The results of multiple sequence alignment of FMO3 amino
acid sequence in 10 species showed quail FMO3 putative
protein sequence contained some conserved motifs, including
FMO-signature motif (FXGXXXHXXXY), FAD-binding motif
(GXGXXG), NAD(P)H-binding motif (GXGXXG), and two
absolute conserved pentapeptides (EGLEP motif and FATGY
motif). All these motifs were crucial to the functional FMO3
protein. The FMO-signature motif, also named FMO-identifying
motif and occurred before the NAD(P)H-binding motif
(GXGXXG), contributes to NADPH binding and seems to have
an additional function [3]. The functions of FAD-binding motif
(GXGXXG) and NAD(P)H-binding motif (GXGXXG), two classic
Rossmann [21] fold of DBMs, are to bind the ADP moiety and
NAD(P)H [22], respectively. The conserved FATGY motif has
been recognized for years and has been speculated to be a

PLOS ONE | www.plosone.org

Table 2. Polymorphic sites found in the quail FMO3 gene
by sequencing.

nt1381 Exon9 G>A GTG/GTA 429 —
nucleotide positions and amino acid positions are reference to the cDNA

Amino
SNP Nucleotide Codon Amino acid acid
number positions* Location SNPs change positions' change
1 nt76 Exon2 C>T AGG/AGT 13 —
2 nt415 Exon4 G>A GAA/GAG 126 —
8] nt992 Exon7 C>T CAG/TAG 319 Q—-X
4 nt1009 Exon7 A>G GCA/GCG 324 —
5 nt1015 Exon7 C>A ATC/ATA 326 —
6 nt1023 Exon7 C>T ACT/ATT 329 T-l
7 nt1030 Exon7 C>T TAC/TAT 331 —
8 nt1096 Exon7 C>A CTC/CTA 353 —
9

sequence (GenBank: JQ955622) and the amino acid sequence (GenBank:
AFY98079.1), respectively.
doi: 10.1371/journal.pone.0081416.t002
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Figure 5. The TMA content of egg yolks of different genotypes in two feed periods. The TMA content of egg yolks are

presented as mean + standard deviation (SD).
doi: 10.1371/journal.pone.0081416.9g005

Table 3. Genotype and allele frequencies at Q319X of the
tested population.

Lines NumberGenotype frequencies Allele frequencies y2 P value
cc CT T Cc T
Dam 81 069 027 0.04 083 0.17 0.2034 0.9033

Sire 59 034 056 010 0.62 0.38
Combined 140 0.54 039 007 0.74 0.26
doi: 10.1371/journal.pone.0081416.t003

2.0278 0.3628
0.0512 0.9747

substrate recognition pocket of FMOs. The T329S change in
this motif of chicken FMO3 gene made the loss-function of
chicken FMO3 enzyme [23].

The tissue-specific expression profile of quail FMO3 mRNA
was detected by quantitative RT-PCR and the result showed
that the quail FMO3 mRNA was differently expressed in 14
tissues. The expression pattern of quail FMO3 mRNA was
much similar to that in duck, for both the quail and duck FMO3
mRNA were expressed highly in liver, lung, and kidney [24].

PLOS ONE | www.plosone.org

The result was also consistent with results in previous studies,
which the FMO3 mRNA was abundant in adult human liver
[25], female mouse liver, rabbit liver, hamster liver and mouse
liver, and kidneys of rat, guinea pig and mouse [26]. In human,
FMO3 mRNA was mainly detected in adult liver and the
amounts of FMO3 mRNA in lung and kidney were
approximately 4.5%, 3.7% of the amount in adult liver,
respectively [27]. While in our study, the amounts of quail
FMO3 mRNA in lung and kidney was 36.8% and 85.8% of that
in liver. The tissue-specific steady-state mMRNA levels for quail
FMOS3 could set the base for future investigations of tissue-
specific FMO3 protein levels in quail.

There are two nonsynonymous SNPs including one
missense mutation (SNP 6, T3291) and one nonsense mutation
(SNP 3, Q319X) in exon 7, which lead to the change of the
corresponding amino acids. The missense mutation (T329I) in
quail was found at the same position of the missense mutation
(T329S) in chicken FMO3 protein sequence. The T329S
substitution of chicken FMO3 protein sequence resided within
the evolutionarily highly conserved pentapeptide motif FATGY
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in mammals was associated with elevated levels of TMA and
fishy taint of egg yolks in several chicken lines [28]. The quail
T329I substitution was found in the same absolute conserved
pentapeptide motif FATGY. But only three heterozygous
individuals were detected in140 individuals. Thus we didn’t do
the association analysis on this site.

In quails, the fish-odour is observed only under certain
conditions. Feed could affect the trait by providing increased
choline, a TMA precursor, which becomes TMA under the
metabolism of intestinal microbes. In this study, we found that
the genotype of Q319X mutation in FMO3 gene was highly
associated with the TMA content in egg yolks. The Q319X
mutation causes a premature termination, eliminating about
40% of the quail FMO3 enzyme which contains 532 amino
acids, and will lead to the loss of function of the enzyme.
Similar situation had been found on dairy cattle [19], the
nonsense mutation R238X in FMO3 gene also made a
premature termination and caused the fishy off-flavor in milk. In
human, two nonsense mutations (E305X, E314X) had been
verified lead to a complete loss of enzyme activity and lead to
the TMAU in human [15]. When the quails were feed with high
level of choline, the TMA content in quail eggs laid by
individuals with TT genotype was much more than those with
CC or CT genotypes. All the eggs laid by individuals with TT
genotype had elevated TMA content (more than 9.0 ug/g egg
yolk) and presented the fish-odour like chicken eggs. By the
molecular screening procedure established in this study, the
unfavourable allele T can be identified and eliminated
completely in the breeding stocks of quails, which will lays eggs
without fish-odour even fed the feed with the sufficient TMA
precursors like choline.

Materials and Methods

Ethics statement

Animal experiments were approved by the Animal Care and
Use Committee of China Agricultural University and the
experiment was performed according to regulations and
guidelines established by this committee.

Sample Collection

Three male and three female Japanese quails (20 weeks of
age), provided by Hubei Shendan Healthy Food Co., Ltd, were
used for FMO3 gene cloning and mRNA expression analysis.
All these quails were slaughtered at the same time, and 14
different tissues, including heart, liver, spleen, lung, kidney,
pancreas, jejunum, cecum, fallopian tube, ovary, vas deferens,
testis, breast muscle, and skin were collected and kept in liquid
nitrogen immediately, and then stored at -80 °C for total RNA
extraction.

For SNP detection and association study, female quails from
a sire line and a dam line of a Japanese quail crossbreeding
package were kept in single cages for laying records. A feeding
experiment was performed on 81 female quails (37 weeks of
age) from the sire line and 59 female quails (37 weeks of age)
from the dam line. A total of 15 days of feeding experiment was
divided into two stages, an adaptation period (first five days)
and an experimental period (next 10 days). A conventional diet
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was formulated according to the feeding standard of laying
quail. In the experimental period, additional choline chloride
(4000 mg/kg) was added into the diet. During adaptation period
and the last five days of the experimental period, at least three
yolks from each quail were collected and stored at 4 °C for
TMA analysis. Blood of each quail was collected and stored at
-20 °C for DNA extraction.

RNA isolation and cDNA synthesis

Total RNA was extracted from a liver tissue by using TRIZOL
total RNA extraction reagent (Invitrogen, US) according to the
manufacturer’s protocol. The quality of the RNA was assessed
by 1% agarose gel electrophoresis using 1 pl of RNA. The
concentration was detected by Nanovue (GE Healthcare, US).

The first strand cDNA was synthesized from purified RNA by
reverse transcription PCR (RT-PCR). One microgram of total
RNA was reversely transcribed by M-MLV reverse
transcriptase (Promega, Madison, WI), oligodT primer (10
pmol/ul) and Ribonuclease Inhibitor (RRI) in a total volume of
50 pl reaction according to the manufacturer’s instructions. The
reaction conditions included 25 °C for 10 min, 37 °C for 60 min,
95 °C for 5 min, and 20 °C for 5 min.

Cloning of cDNA of quail FMO3 gene

Based on the most conserved regions of the sequences in
different species, a pair of primers was designed to amplify the
partial coding region of quail FMO3 gene. PCR amplifications
were conducted in a final volume of 15 pl with 1.2 pl first strand
cDNA, 7.5 pl 2xTaq PCR Master Mix and 0.2 pl of each primer
(10 pmol).The optimum PCR amplification conditions were
programmed as5 min pre-denaturation at 94 °C, followed by 35
cycles of denaturation at 94 °C for 30 sec, annealing at 63 °C
for 30 sec, extension at 72 °C for 60 sec, then final extension at
72 °C for 8 min. The PCR products were subjected
electrophoresis on 1% agarose gel. The principal product (673
bp) was gel-purified, subcloned into pMD-19T vector (TaKaRa,
Dalian, China), and sequenced by GENEWIZ Co. Ltd. (Beijing,
China).

Subsequently, 3-RACE and 5-RACE were performed to
obtain the full-length of quail FMO3 mRNA sequence. The
SMART 5-RACE and 3-RACE cDNA amplification kit
(Clontech, USA) was used according to the manufacturer's
recommendations. Two gene-specific primers (GSP1 and
GSP2, Table 4) used were designed based on the sequence
obtained, then the 3’ end cDNA sequence and 5 end cDNA
sequence were synthesized by nested PCR, respectively. The
PCR reaction was conducted in a total volume of 50 pl and the
following touchdown PCR amplification was performed at
follows: firstly with 5 cycles of 94 °C for 30 sec and 72 °C for 30
min, then 5 cycles of pre-denaturation at 94 °C for 3 sec,
annealing at 68 °C for 30 sec, and extension at 72 °C for 3 min,
finally with 30 cycles of 94 °C for 30 sec, 67 °C for 30 sec, 72
°C for 3 min. The RACE PCR products were gel-purified,
subcloned into pMD-19T vector (TaKaRa, Dalian, China), and
sequenced by GENEWIZ Co. Ltd. (Beijing, China). At least five
independent clones were sequenced for each PCR product to
ensure the accuracy of sequencing. After got the full length of
FMO3 gene by aligning and splicing, a pair of primers for the
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Table 4. Primers used for cloning and real-time PCR.
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Table 5. Primers used for SNPs detection.

Name Sequence (5°—3’) Function Primers  Sequences (5°—3’) Tm (°C) Length (bp)

FMO3-p F: GCCGGAAAAGTTCAGAGG Partial coding region Primer1  F: ATGGTGCGACGCGTGGCTGT 64.1 137
R: TGAGGGGAGCTTGCAGAG R: TTCCGTGTAGCGCCAGAGCC

GSP1 CCGCTGGGCAGTCAAGGTGTTTC 3’ RACE Primer2  F: CAGAGGAAGGCAGAGCTAGC 64.1 645

GSP2 CCACCAGCACCTTCTTCCCTCTG 5 RACE R: GTAAAGTGCACACCTGGCTG

FMO3-f F: GAAGCAACACAGGCTGCACAGGAC  Full coding region Primer3  F: GGGATAGAGAAGTTTAAAGGTTG 65.4 267
R: CAGCAGAAAGCATCCCGTACACAG R: ACACGGCTCATCACCCAGGA

FMO3-g-PCR  F: ATAGGATCAAATGGTTCGGGACAA g-PCR Primer4  F: TCCTGGGTGATGAGCCGTGT 64.1 386
R: ACCTTCAGGGCCAGTAGTG R: GATGTTTCTCTGAATTCCTTCAC

GAPDH-g-PCR F: GGGTGGTGCTAAGCGTGTTATC g-PCR Primer5  F: GTGAAGGAATTCAGAGAAACG 62.0 279
R: GACCCTCCACAATGCCAAAG R: CTGAAACACCTTGACTGCC

doi: 10.1371/journal.pone.0081416.t004 Primer6  F: TGGTTCGGGACAAGCAACAC 65.0 337

full cording sequence was designed to verify the correctness of
the obtained full length cDNA sequence of FMO3 gene.

Sequence analysis

According to the three sequenced fragments, the full-length
cDNA sequence was assembled using DNAMAN software.
Open reading frame (ORF) and amino acid sequences were
deduced using ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/).
The theoretical pl and Mw of protein was computed using
Compute pl/Mw Tool (http://web.expasy.org/compute_pi/).
Nucleotides as well as the derived amino acid sequences of
duck FMO3 gene were blasted with those reported FMO3
sequences of different species at National Center for
Biotechnology Information (NCBI) server (http://
www.ncbi.nlm.nih.gov/BLAST). Multiple sequence aligment
was analyzed by Clustal X.

Phylogenetic analysis

Using neighbor-joining (NJ) method with Molecular Evolution
Genetics Analyses (MEGA) version 5.0, a phylogenetic tree
was constructed based on the multi-sequence alignments of
the FMO3 protein sequences of 14 species including quail
(Coturnix coturnix), chicken (Gallus gallus), duck (Anas
platyrhynchos), human (Homo sapiens), chimpanzee (Pan
troglodytes), orangutan (Pongo abelii), macaque (Macaca
mulatta), dog (Canis lupus familliaris), cow (Bos taurus), rabbit
(Oryctolagus cuniculus), rat (Rattus norvegicus), mouse (Mus
musculus) and two kinds of Xenopus (Xenopus tropicalis and
Xenopus laevis).

FMO3 gene expression analysis in distinct quail tissues

Total mRNA from 14 different tissues of three quails,
including heart, liver, spleen, lung, kidney, pancreas, jejunum,
cecum, fallopian tube, ovary, vas deferens, testis, breast
muscle, and skin, were extracted to investigate the mRNA
expression profile of the quail FMO3 gene using real-time PCR.
Each gPCR reaction was run in triplicates. Quail GAPHD gene
was used as the internal reference gene. The primers for
FMO3 gene and GAPDH gene were designed by Primer 5.0
software (Table 4).

PLOS ONE | www.plosone.org

R: TAGAGCACAGTGAGGAGGAG
doi: 10.1371/journal.pone.0081416.t005

Real-time PCR was performed on the ABI 7300 system
(Applied Biosystems, USA) using Power SYBR® PCR Master
Mix (Applied Biosystems, USA). All real-time PCR reactions
were run in triplicate. The PCR reactions were performed in a
final volume of 15 pl with 1.2 pl of cDNA, 0.2 pl of each gene-
specific primer, 7.5 yl 1x PCR mix and 5.9 pl purified water.
The optimum thermal cycling procedure was 50 °C for 2 min,
95 °C for 10 min, 40 cycles of 95 °C for 15 sec, 60 °C for 1 min,
95 °C for 15 sec, 60 °C for 30 sec, and 95 °C for 15 sec. The
relative expression of duck FMO3 mRNA was calculated
relative to the amount of GAPDH present.

The real-time PCR data were analyzed using comparative Ct
method [29]. The Ct values were means of triplicate samples
tested. The gene expression was calculated as 22t (ACt =Ct
target — Ct internal control) and the value indicated an n-fold
difference relative to the expression of the internal control
gene. Differential expressions among 14 tissues were analyzed
by ANOVA program of SAS 9.2 version. Multiple comparison
analysis was conducted using Duncan method. Comparisons
were considered significant at P < 0.05.

SNP detection of quail FMO3 gene by sequencing

In total, 140 quails were used to detect mutations in quail
FMOQ3 gene. The primers (Table 5) covering the coding region
of quail FMO3 gene were designed based on the obtained
quail FMO3 cDNA sequence. The PCR were performed in 20
ul of reaction volume with DNA, Tag DNA polymerase, PCR
buffer with MgCl, and primers. Then the reaction was
incubated at 94°C for 5 min, 35 cycles of 94°C for 30 sec,
62-65 °C (Table 5) for 30 sec, and 72°C for 45 sec, followed by
a final extension at 72°C for 10 min. After sequencing, the
sequences were aligned to identity the polymorphisms in quail
FMOS3 gene.

TMA content in egg yolks

The procedures for determination of TMA concentration in
egg yolk followed that in chickens [20]. Briefly, TMA was
extracted from egg yolks using 10% trichloroacetic acid (TCA,
1ml/g egg yolk), and 2 ml of extract was made alkaline by
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adding 1.5 ml 50% potassium hydroxide to separate the amine
from its salts. To fix other nitrogen-containing components, 0.5
ml 10% formaldehyde was added. The free TMA was dissolved
in 5 ml of toluene. A 2.5 ml aliquot of the supernatant was
mixed with an equal volume of 0.02% picric acid to form a
yellow TMA-N-picrate complex. It was subsequently measured
at 410 nm using ultraviolet spectrophotometer. A standard
curve (R?=0.9899) was produced from 14 TMA standard
solutions (ranging from 0 to 20 ug/ml of TMA-N) to calculate
the TMA-N concentration of egg yolks. The TMA content was
then presented as TMA-N in egg yolks.

Genotyping and association analysis

The SNPs were genotyped by PCR and directly sequenced.
The PCR reaction procedure was same as the program
depicted in SNPs detection. The association between
genotypes of SNPs in FMO3 gene and TMA content in egg
yolks were calculated with the general linear model (GLM)
procedure of SAS 9.2 version. The model: Y=y + G, + L; + e
where Y, is the observation of the TMA content of egg yolks, py
is the least square means, G; is the effect of ith genotype
(=1-3), L; is the effect of jth line (sire line and dam line) and ey,
is the effect of the random residual. Then multiple comparison
analysis was conducted to compare TMA content in quail eggs
of each genotype by using Least Squares Means.
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Conclusions

In this study, the full-length cDNA sequence of quail FMO3
gene was successfully cloned and both the nucleotide
sequence and the putative amid acid sequence were analyzed.
The quail FMO3 mRNA expression profile in 14 tissues was
also detected. Nine SNPs were identified in different exons and
there was a highly significant association between the TMA
content of quail egg yolks and Q319X mutation, which led to
the fish-odour of quail egg yolks. Here, we found an important
marker and present an effective method to identify potential
“fish-odour” individuals by direct testing of FMO3 genotype
irrespective of the age, environmental factors, or gender of the
tested individuals, which will help in eradicating the genetic
factor behind fish-odour in quail eggs and lay a good
foundation for further study and the molecular breeding for
quail.
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