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Abstract 

Bac kgr ound: The domesticated turkey ( Meleagris gallopavo ) is a species of significant agricultural importance and is the second largest 
contributor, behind broiler c hic kens, to w orld poultry meat pr oduction. The pr evious genome is of draft quality and partly based on 

the c hic ken ( Gallus gallus ) genome . A high-quality r efer ence genome of M. gallopa vo is essential for turkey g enomics and g enetics 
resear c h and the breeding industry. 

Results: By adopting the trio-binning approac h, w e w er e a b le to assemb le a high-quality chr omosome-lev el F1 assemb l y and 2 par ental 
haplotype assemb lies, lev era ging long-r ead technologies and genome-wide chromatin interaction data (Hi-C). From a total of 40 chro- 
mosomes (2n = 80), we captured 35 chromosomes in a single scaffold, showing much improved genome completeness and continuity 
compared to the old assembly build. The 3 assemblies are of higher quality than the previous draft quality assembly and comparable 
to the c hic ken assemblies (GRCg7) shown by the largest contig N50 (26.6 Mb) and compara b le BUSCO gene set completeness scores 
(96–97%). Comparati v e anal yses confirm a pr eviousl y identified large inv ersion of ar ound 19 Mbp on the Z chromosome not found 

in other Galliformes. Structural variation between the parent haplotypes was identified, which poses potential new targ et g enes for 
breeding. 

Conclusions: We contribute a new high-quality turkey genome at the chromosome level, benefiting turkey genetics and other avian 

genomics resear c h as w ell as the turkey br eeding industr y. 

Ke yw ords: genome assemb l y, turkey genomics, trio-binning, animal breeding 
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Introduction 

The domesticated turk e y ( Meleagris gallopavo , NCBI:txid9103) is an 

important a gricultur al species and the second largest contribu- 
tor to world poultry production [ 1 ]. The turk e y is a member of 
the Phasianidae family within the order Galliformes. Turk e ys and 

c hic k ens di v er ged about 25–40 million years a go [ 2 ]. Despite the 
r elativ el y long div er gence time, the genome synteny and kary- 
otype of both are highly conserved [ 3 ]. The turk e y has 2n = 80 
compared to the chicken with 2n = 78. The turkey karyotype con- 
sists of 7 macr oc hr omosomes ( > 50 Mb), 4 intermediate c hr omo- 
somes ( > 20 Mb, < 40 Mb), and the rest being microchromosomes 
( < 20 Mb). The turk e y karyotype is very similar to the c hic ken, ex- 
cept that c hic ken c hr omosome 2 is homologous to 2 turk e y c hr o-
mosomes (c hr omosomes 3 and 6), and c hic ken c hr omosome 4 is 
homologous to turk e y c hr omosomes 4 and 9 [ 4 ]. Zhang et al. [ 5 ]
identified a large inversion on the Turk e y lineage compared to 
c hic k en. In ad dition, a high degr ee of synten y has also been ob- 
served between the chicken and turkey genomes [ 6 ]. 

The first turk e y genome assembly (UMD2), published in 2010 
[ 6 ], was among the first to be done almost exclusiv el y based 

on second-generation sequencing data and by current standards 
would be considered of draft quality given the low contig N50 
(27.1 kb) and lack of long-read sequences [ 7 ]. The authors pro- 
Recei v ed: J uly 21, 2022. Revised: December 12, 2022. Accepted: June 27, 2023 
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the original work is pr operl y cited. 
uced a c hr omosome-le v el assembl y and assembled 30 auto-
omal and 2 sex c hr omosomes . T he assembly included link-
ge data based on a low-density genetic map, and the place-
ent of scaffolds to c hr omosomes r elied consider abl y on con-

erv ed synten y assumptions with the better assembled c hic ken
 Gallus gallus ) genome. Ho w e v er, that v ersion of the c hic ken
enome had many microchromosomes missing altogether or only 
artiall y c har acterized. Avian micr oc hr omosomes hav e pr ov ed
o be difficult to assemble e v en today [ 7 ]. Reliance on an in-
omplete c hic ken genome and the gener al difficulty in assem-
ling the avian micr oc hr omosomes r esulted in a poor r ep-
 esentation of micr oc hr omosomes in that first UMD2 turk e y
enome. An updated version of the turk e y genome (Turk e y_5.1;
CA_000,146,605.4) has been available since 2019, although it 
till shows low gene completeness and an incomplete set of
icr oc hr omosomes. 
The problems in characterizing microchromosomes are partly 

ue to sequence c har acteristics (i.e., high GC and repeat con-
ent in micr oc hr omosomes) and partl y due to their extr emel y
mall size and lack of genetic linkage group markers to differenti-
te the micr oc hr omosomes fr om other c hr omosomes [ 7 ]. Hence,
ngoing efforts in producing high-quality assemblies of the mi- 
r oc hr omosomes in man y a vian genomes ha ve been unsuccess-
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ul due to abo vementioned causes . Ho w e v er, a nov el c hic ken
 efer ence genome containing all autosomes and both sex c hr o-
osomes was published, with all gaps closed except for the
 [ 8 ]. 
High-quality genome sequences are an essential resource for

 esearc h and applications in the life sciences. In domestic animal
reeding, genome-wide marker panels are routinely used to sup-
ort genomic selection, and this significantl y acceler ates genetic
r ogr ess [ 9 ]. An impr ov ed genome sequence facilitates ongoing
enomic br eeding pr ogr ams. Furthermor e, an impr ov ed genome
ssembl y will gr eatl y enhance functional inter pr etation of ge-
omic variation in those breeding populations . For instance , im-
r ov ed annotation of (non)coding genes benefits the functional

nter pr etation of genome-wide association studies (GWASs) and
ids in identifying targets for gene editing [ 10 ]. 

Curr entl y, mor e species in the Galliformes have high-quality
ong-read–based assemblies, including the chicken [ 8 ], Japanese
uail [ 11 ], Gunnison sa ge-gr ouse [ 12 ], and the helmeted
uineafo wl [ 13 ], allo wing for compar ativ e studies within the
alliformes and an in-depth comparison between the 2 most

mportant avian a gricultur al species (c hic ken and turkey). 
Third-gener ation sequencing tec hniques hav e made it possi-

le to produce high-quality c hr omosome-based assemblies . T he
 hic k en indi vidual broiler (GRCg7b) and layer (GRCg7w) assem-
lies and, more recently, the complete chicken genome assembly
 8 ] have been produced from long-read sequencing techniques.
hese new chicken assemblies show superior metrics of quality
nd completeness to pr e vious genome assemblies. In this study,
e use a r elativ el y ne w tec hnique, the trio-binning a ppr oac h,

o construct high-quality ha plotype-r esolv ed turk e y assemblies
 14 ]. A similar a ppr oac h was also applied to create the recent
 hic ken genome assemblies. In the trio-binning a ppr oac h, short
 eads fr om eac h par ent ar e used to r esolv e the F1 long r eads
nto groups of long reads belonging to each parent. Each haplo-
ype is then assembled independentl y, r esulting in 3 high-quality
enome assemblies, one from both parental haplotypes and one
1 assembly (the primary assembly). This approach is especially
o w erful to assess structural variation between the parental
aplotypes and works well with high heterozygosity rates as
his aids in the resolution of the parent haplotypes in the F1
ssembly. 

In this study, our aims were to use the trio-binning approach to
roduce a chromosome-level turk e y assembly (F1) and 2 parental
aplotype assemblies. We further aim to compare the 2 parental
aplotypes to identify structural differences. A good reference
enome is essential for many research and commercial applica-
ions. In this study, we highlight how our new turk e y genome can
enefit both r esearc h and the breeding industry. 

esults 

ata and assembly of mgal_WUR_HG_1.0 

e used a trio-sequencing [ 14 ] a ppr oac h to assemble the diploid
enome of a male turk e y. The F1 was sequenced with long reads,
hile the parents were sequenced with short reads to employ

he trio-binning. The 2 parental animals derive from 2 distinct
ommercial lines from the breeding company Hybrid Turk e ys, a
endrix Genetics company. The F1 animal was sequenced with a
epth of 270 × using PacBio single-molecule real-time (SMRT) se-
uencing tec hnology. Appr oximatel y 12.25 million subr eads wer e
roduced with a mean length of 22.5 kb and N50 read length of
2.5 kb. Reads were assembled using wtdgb2 assembler [ 15 ], re-
ulting in an initial assembly comprising 315 contigs with an N50
f 26.68 Mb. The assembly was further scaffolded using Hi-C with
iRise [ 16 ]. Additional scaffolding was performed using SALSA

with Hi-C) [ 17 ] and Redundans [ 18 ]. The scaffolded assembly was
ubsequently polished with short reads (3 rounds) to produce a
nal c hr omosome-le v el assembl y consisting of 151 scaffolds and
32 contigs with a scaffold N50 of 70 Mbp and contig N50 of 26.55
bp (Table 1 ). This ca ptur es the majority of the c hr omosomes in
 single scaffold and c hr omosome arms in a single contig (Sup-
lementary File 1: Table S1). The Hi-C contact map can be found

n Supplementary File 1: Fig. S1. 

elomeres and centromeres 
elomer es and centr omer es ar e gener all y enric hed for simple r e-
eats. Telomeric repeats (TTAGGG) were identified on the tail(s) of
8 c hr omosomes, supporting further completeness of the genome
ssembly (Supplementary File 1: Fig. S2). A 41-bp TM repeat was
r e viousl y identified in turk e y to be abundant in centromeric and

sub)telomeric r egions, especiall y on the micr oc hr omosomes [ 19 ].
hang et al. [ 5 ] sho w ed that there is a clear trend in turk e y to-
 ar d telocentric c hr omosomes, meaning that the centr omer e is

ocated very close to the end of the chromosome and that the p-
rms would not, or bar el y, be visible . T he onl y clearl y metacen-
ric c hr omosomes in turk e y ar e c hr omosome 1 and the sex c hr o-

osomes. We predicted that the centromere of chromosome 1 is
ocated at 74.12–74.16 Mb enriched for TTAGGG and TM repeats
Supplementary File 1: Fig. S2). Ov er all, we observ ed an enric h-

ent of TM repeat clusters at the tails of chromosomes and in
he micr oc hr omosomes. Furthermor e, we identified clusters of TM
epeats on one tail of macrochromosomes 2, 3, and 4, which are
ikely telocentric with very short p-arms [ 5 ]. The enrichment of
M repeats at one chromosome tail indicates that the centromeric
egions of these chromosomes likely comprise of clusters of the
1-bp TM repeat, while the other tail comprises telomeric repeats
Supplementary File 1: Fig. S2). In addition, we identified clusters
f TM repeats at the tail(s) of intermediate chromosomes 8, 9, and
0 and micr oc hr omosomes 12, 20, 24, 25, 26, 29, 30, and 31 (Sup-
lementary File 1: Fig. S2). The intermediate c hr omosomes 7 to
4 are all predicted to be telocentric [ 5 ]. We found that chromo-
omes 8, 9, 10, and 12 show enric hment of TM r epeats on one tail
f the c hr omosome, likel y indicating centr omeric r egions at the
 hr omosome ends . T he majority of the micr oc hr omosomes hav e
t least telomeric repeats at one tail of the c hr omosome and se v-
r al exhibit TM r epeat clusters at the other end, supporting the
ikely telocentric structure of these microchromosomes. 

aplotype assemblies 
s part of the trio-binning a ppr oac h, both par ental ha plotypes
ere assembled with TrioCanu [ 14 ]. We were able to map 110 × of

he PacBio reads to parent 1 and 137 × of the PacBio reads to parent
, resulting in 2 parental haplotype assemblies with contig N50 of
,174,806 bp and 19,855,975 bp for parents 1 and 2, respectively.
e performed further scaffolding using LRscaf [ 20 ] and anc hor ed

he assemblies to the F1 assembly using Ra gTa g [ 21 ]. The consen-
us quality value (QV) values indicate high quality and complet-
ess of the assemblies e v aluated by Mercury [ 22 ] (Supplementary
ile 1: Table S2). The final statistics of the assemblies are shown
n Table 1 . 

ssembly accuracy and completeness 
he completeness and accuracy of the assemblies were assessed
sing BUSCO [ 23 ] and whole-genome alignments. All 3 assemblies
ontained over 96% of the expected avian and v ertebr ate gene
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Table 1: Assembly statistics: Summary statistics for the new Mgal_WU_HG_1.0 and parental assemblies and comparison with pr e vious 
turk e y assembly (Turk e y_5.1) and recent broiler assembly (GRCg7b) 

Mgal_WU_HG_1.0 Turkey_5.1 GRCg7b Parent 1 Parent 2 

Total sequence length (bp) 1,001,818,376 1,115,474,681 1,053,332,251 1,051,251,094 1,085,657,715 
Length ungapped (bp) 1,001,806,830 1,080,180,254 1,049,948,333 1,050,601,018 1,085,166,758 
No. of scaffolds 151 187,695 214 415 489 
No. of unplaced scaffolds 115 187,662 172 379 453 
No. of c hr omosomes 36 33 42 36 36 
Scaffold N50 (bp) 70,339,173 3,898,092 90,861,225 71,046,337 71,481,950 
Scaffold L50 5 80 4 4 4 
No. of contigs 232 250,220 677 738 675 
Contig N50 (bp) 26,554,504 27,076 18,834,961 9,174,806 19,817,032 
Contig L50 12 11,318 18 34 13 
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sets, comparable to the GRCg6a and GRCg7b c hic ken genomes and 

cov ering 5.4% mor e gene space compar ed to the pr e vious turk e y 
genome assembly (Turk e y_5.1), as shown in Table 2 . 

The turk e y genome is highl y congruent with the c hic ken 

genome (Fig. 1 A), indicating a high degree of conserved synteny.
The main exception was a large ∼19-Mbp inversion on the Z c hr o- 
mosome (a ppr oximate coordinates ∼44,493,000–63,950,000 bp). 
T his in v ersion was also not pr esent in the pr e vious turk e y build,
Turk e y_5.1, as seen in the alignment (Fig. 1 B). The alignment fur- 
ther shows that in the Turk e y_5.1 assembl y, man y contigs wer e 
placed in the wrong orientation (resulting in a “zigzag” alignment 
pattern). 

Repeat and gene annotation 

Repeat content 
We annotated the repeats using a custom repeat library built us- 
ing RepeatModeler [ 24 ]. Repeats were found to cover 10.45% of 
the genome . T he most common were long interspersed nuclear 
elements (LINEs), covering 6.35% of the genome. Furthermore, 
0.76% of bases were DNA transposons, 0.53% long terminal re- 
peats (LTRs), and 1.58% low-complexity and simple repeats . T he 
remaining 1.23% of the repeats remained unclassified. A complete 
ov ervie w of the repeats per c hr omosome is listed in Supplemen- 
tary File 2. 

Gene annotation 

The Ensembl annotation pipeline was used to annotate 
Mgal_WU_HG_1.0 [ 25 ]. The present annotation includes fewer 
annotated genes compared to Turk e y_5.1 and the chicken an- 
notations but does include more noncoding genes, as shown 

in Table 3 . As expected, micr oc hr omosomes show higher gene 
density compared to macrochromosomes and intermediate chro- 
mosomes ( P < 0.00001, Fig. 2 ). The density gener all y incr eases 
with decreasing microchromosome size. 

We identified c hic k en and Turk e y_5.1 homologs of the 
Mgal_WU_HG_1.0 genes (Supplementary File 1: Table S3). Most 
of the protein-coding genes have a 1:1 ortholog in the Turk e y_5.1 
(82.4%) or in the GRCg6a (86.3%) genome assemblies . T he higher 
number of genes orthologous to the most recent chicken assem- 
blies supports our assertion of a significant impr ov ement of as- 
sembly and annotation quality compared to Turk e y_5.1. 

Gene family analysis 
OrthoFinder [ 26 ] was used to infer orthogroups from the follow- 
ing set of bird species—turk e y, c hic ken, Ja panese quail ( Coturnix 
japonica ) [ 11 ], helmeted guineafowl ( Numida meleagris ) [ 13 ], and ze- 
br a finc h ( Taeniopygia guttata ) [ 27 ]. Fr om the 16,127 pr otein-coding 
enes in the Mgal_WU_HG_1.0 gene set, 98% were found to be
n an orthogroup. This was the highest percentage of any of the
pecies tested (Table 4 ). Of the 15,417 orthogroups found, 91% in-
lude Mgal_WU_HG_1.0 genes . T her e ar e also 10 orthogr oups that
ontain only Mgal_WU_HG_1.0 genes, of which 2 have homologs 
n the nr database ( MANBAL and POL3 ) (Supplementary File 1: Ta-
le S4). 

ontractions and expansions in orthologous groups 
hile most orthogroups studied sho w ed no change in the copy

umber of protein-coding genes, 71 groups sho w ed expansions
r contractions of gene families predicted using CAFE5 soft- 
are [ 28 ] (61 expansions, 10 contractions) (Supplementary File
). Expanded orthogroups contained proteins involved in im- 
ortant processes in bird development and growth, including 
ene families involved in cytoskeleton (proteins for feather ker- 
tin) (OG0000026, OG0000030), r epr oduction (involv ed in sper-
atogenesis/spermiogenesis) (OG0000005), response to stress 

OG0000111), and imm unity (OG0000001). Orthogr oup OG0000005 
hows an expansion of the turk e y PHD finger protein 7 (PHF7)
ene, which has been shown to be a highly duplicated gene family
n the c hic ken genome [ 29 ]. The contracted gene families include 1
mmunoglobulin (OG0000001), a homeobox B8 (OG0000526) gene 
amily, and an olfactory receptor gene family (OG0000407). 

tructur al v aria tion betw een parental haplotypes 

tructur al v ariation 

he F1 and the paternal ha plotypes ar e completel y colinear (Sup-
lementary File 1: Fig. S3). Ther e ar e no lar ge structur al differ-
nces ( > 1 Mbps) between the 2 parental haplotypes, except for
 1.47-Mbp inversion on chromosome 1 (74.28–75.74 Mb, Sup- 
lementary File 4) comprising 25 protein-coding genes and 15 

ong noncoding RNA (lncRNA) genes . T his in version is in the cen-
r omeric r egion of c hr omosome 1, sho wn b y an excess of telom-
ric and TM repeats between 74.12 and 74.16 Mb. Table 5 shows
n ov ervie w of the number and cum ulativ e length of eac h type of
tructur al v ariation. 

Copy gains ar e r egions that have extra copies in the parent 2
aplotype, while copy losses show regions with fewer copies in
arent 2 (and thereby higher copies in parent 1). The distribution
f copy gains and copy losses is in Supplementary File 1: Fig. S4.
n total, 231 large structural variations ( > 10 kb) have been iden-
ified between the 2 parental haplotypes (Supplementary File 5).
rom these, 81 affect the coding sequence of protein-coding genes,
f which 40 have a 1:1 ortholog in c hic ken. Inter estingl y, an in-
ersion affecting the coding sequence of the BLB2 gene, which is
uplicated within the MHC-B region in c hic ken and plays a cru-
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Table 2: Assembly completeness measured in BUSCO scores: P er centage of aligned genes for the v ertebr ae ( n = 3,354) and avian ( n = 

8,338) gene set in the turk e y and c hic ken assemblies 

Mgal_WU_HG_1.0 Turkey_5.1 GRCg7b Parent 1 Parent 2 

Avian Vertebrate Avian Vertebrate Avian Vertebrate Avian Vertebrate Avian Vertebrate 

Complete 96 .7 96 .4 91 .3 88 .4 97 .0 96 .5 96 .6 96 .0 96 .8 96 .4 
Complete and 
single copy 

96 .4 95 .9 91 .1 87 .9 96 .7 95 .7 94 .8 93 .9 94 .1 93 .2 

Complete and 
duplicated 

0 .3 0 .5 0 .2 0 .5 0 .3 0 .8 1 .8 2 .1 2 .7 3 .2 

Fr a gmented 0 .9 1 .0 4 .1 5 .8 0 .9 1 .2 0 .9 1 .1 0 .9 1 .0 
Missing 2 .4 2 .6 4 .6 5 .8 2 .1 2 .3 2 .5 2 .9 2 .3 2 .6 

Figure 1: Genome-wide alignment plots. (A) Mgal_WU_HG_1.0 aligned with GRCg7b. Alignment shows high structural coherence between both 
genomes. (B) Mgal_WU_HG_1.0 aligned with the old turk e y genome build Turk e y_5.1. Alignment shows multiple contigs that were placed in the wrong 
orientation in the pr e vious Turk e y_5.1 build. 

Table 3: Annotation statistics for the turk e y (Mgal_WU_HG_1.0, Turk e y_5.1) and c hic ken (GRCg6a, GRCg7b) genomes: B USCO scor es show 

percentage of aligned proteins for the avian ( n = 8,338) and vertebrate ( n = 3,354) protein set in the turk e y and chicken assemblies 

Annotation Mgal_WU_HG_1.0 Turkey_5.1 GRCg6a GRCg7b 

Coding genes 16,127 16,226 16,878 17,007 
Noncoding genes 7,736 1,585 7,166 13,040 
Small noncoding genes 504 543 1,525 1,089 
Long noncoding genes 7,228 1,038 5,506 11,946 
Miscellaneous noncoding genes 4 4 135 5 
Pseudogenes 45 159 312 61 
Gene transcripts 53,441 30,708 39,288 72,689 
Completeness BUSCO (avian/vertebr a te) 
% Complete 97.9/97.0 87.5/80.8 95.1/93.8 98.3/97.0 
% Fr a gmented 0.6/1.1 5.2/10.3 2.0/2.9 0.5/1.0 
% Missing 1.5/1.9 7.3/8.9 2.9/3.3 1.2/2.0 
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ial role in disease resistance or susceptibility [ 30 ], was found in
arent 2 compared to parent 1 (Supplementary File 1: Fig. S5). We
urther identified duplications in the parent 2 haplotype compris-
ng the TRIM36 , GRIA2 , and MAN2B2 genes. Specifically, the parent
 haplotype exhibits a 20-kb duplication of the 3 ′ end of MAN2B2
Supplementary File 1: Fig. S6), a gene that in pigs is associated
ith ovulation rate [ 31 ]. In addition, a 34-Kbp duplication affecting

he GEMIN8 gene in parent 1 was identified (Supplementary File 1:
ig. S7). The GEMIN8 gene product is part of the survival motor
eur on (SMN) complex. Mor eov er, a 53-Kbp duplication was found
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Figure 2: Ideogram showing gene density. (A) Macro (1–6, Z) and intermediate c hr omosomes (7, 8, 10, 11). (B) Micr oc hr omosomes (9, 12–35) in the 
Mgal_WU_HG_1.0 genome. 

Table 4: Number of orthogroups found and proportion of genes assigned to each orthogroup per species. Species included turk e y 
(Mgal_WU_HG_1.0, Turk e y_5.1), c hic ken (GRCg6a, GRCg7b), Ja panese quail (Coturnix_japonica_2.0), helmeted guineafowl (NumMel1.0), 
and zebra finch (bTaeGut1_v1.p) 

Species assembly Mgal_WU_HG_1.0 Turkey_5.1 GRCg6a GRCg7b Coturnix_japonica_2.0 NumMel1.0 bTaeGut1_v1.p 

No genes 16,127 16,226 16,878 17,007 15,732 15,661 16,619 
No genes in orthogroups 15,843 15,365 16,359 16,583 15,342 15,306 15,971 
No unassigned genes 284 861 519 424 390 355 648 
Genes in orthogroups (%) 98.2 94.7 96.9 97.5 97.5 97.7 96.1 
Unassigned genes (%) 1.8 5.3 3.1 2.5 2.5 2.3 3.9 
No orthogroups containing 
species 

14,033 13,350 13,800 14,156 13,801 13,695 13,390 

Orthogroups containing 
species (%) 

91 86.6 89.5 91.8 89.5 88.8 86.9 

No species-specific 
orthogroups 

10 63 23 24 4 7 110 

No genes in species-specific 
orthogroups 

50 178 120 95 9 67 428 

Genes in species-specific 
orthogroups (%) 

0.3 1.1 0.7 0.6 0.1 0.4 2.6 

Table 5: Structur al v ariation between the 2 par ental ha plotype assemblies . T he par ent 1 assembl y was used as r efer ence and the par ent 
2 assembly used as the query. Copygain: Copy gain in the query genome, copyloss: copy loss in the query genome 

Variation type Count Length parent 1 Length parent 2 

Syntenic regions 85 990,480,776 989,217,672 
Inversions 19 1,728,932 1,525,862 
Translocations 68 895,801 867,550 
Duplications 397 870,354 3,179,922 
Copy gains 40 — 305,148 
Copy losses 58 1,268,056 —
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affecting the 3 ′ end of the RIMKLB gene (Supplementary File 1: Fig.
S8), resulting in a copy number of 3 in parent 1 but a copy number 
of > 5 in parent 2. In addition, a 100-kb translocation that com- 
prises the RALYL gene was identified. The translocated region is 
found at around 68.2 Mbp on c hr omosome 5 in parent 1, while it is 
ound at a position around 90.1 Mbp on the same c hr omosome in
ar ent 2. Finall y, an inv ersion on c hr omosome 30 of length 187 kb
omprises 2 protein-coding genes and 1 lncRNA. 

A full ov ervie w of structur al v ariation between the par ental
aplotypes is provided in Supplementary File 5. 
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oss-of-function variation 

he most common effect of selection is to alter gene expres-
ion, leading to phenotypic changes. Ho w ever , a small propor -
ion of phenotypic variation is due to impaired gene functioning
 32 ]. We assessed the presence of loss-of-function variation (LoF),
pecificall y stop-gained v ariants affecting genes in either of the
 par ental ha plotypes (Supplementary File 6). In total, 138 stop-
ained variants affecting 92 genes between the parent 1 and par-
nt 2 ha plotypes wer e identified. Genes carrying LoF mutations
hat ar e especiall y note worthy include the RYR2 gene, which is
ffected by 4 LoF variants in parent 2, likely leading to an im-
aired RYR2 protein. Mutations in the RYR2 gene are associated
ith stress in broiler chickens [ 33 ]. A second gene worth highlight-

ng is LRRC41 , which, in the parent 2 haplotype, contains a stop-
ained v ariant. Knoc k outs of this gene lead to increased lean body
ass in mice, and hence this gene poses an interesting candidate

or selection for body weight in turkey [ 34 ]. 

apping of single-nucleotide polymorphism chip
arkers 

ingle-nucleotide pol ymor phism (SNP) c hips ar e useful to study
ariation between individuals and are widely applied in genomic
election. We mapped SNP chip markers from a 65,000 SNP ar-
ay (64,800 SNPs; Illumina, Inc.) to Mgal_WU_HG_1.0 (Supple-

entary File 1: Table S5) using a custom SNP mapping pipeline
see Methods). We mapped 64,536 (99.4%) of the markers to

gal_WU_HG_1.0. From these, 1,532 markers that were located
n unplaced contigs in Turk e y_5.1 wer e ma pped to specific c hr o-
osomes in Mgal_WU_HG_1.0, and 415 markers were placed on

he ne w c hr omosomes 31–35, indicating a higher completeness.
or e specificall y, w e w ere able to place a significant number of
e w markers, especiall y on c hr omosomes 1 (412), 27 (120), 31 (192),
nd Z (594). 

istinct genomic landscapes of turkey micro- 
nd macr ochr omosomes 

vian genomes are known to v ary gr eatl y in genomic fea-
ur es, especiall y between the micro- and macrochromosomes
 35 ]. We e v aluated the genomic landscape of the turk e y chro-

osomes in terms of repeat content, gene density, and gene
xpr ession between macr oc hr omosomes ( > 40 Mbp), intermedi-
te c hr omosomes( > 40 Mbp, < 20 Mbp), and micr oc hr omosomes
 < 20 Mbp). We found that the repeat content of each re-
eat class in macr o-, micr o-, and intermediate c hr omosomes
 aried highl y along the c hr omosomes (Supplementary File 1:
igs. S9–S16, Supplementary File 2). Macr oc hr omosomes ar e en-
ic hed for DNA tr ansposons ( P < 0.01) and LINE elements ( P =
.0281) compared to the intermediate and micr oc hr omosomes
Supplementary File 1: Figs. S10–S11). In addition, LINE CR1 el-
ments are especially enriched at the tails of macrochromo-
omes. Micr oc hr omosomes ar e enric hed for low-complexity ( P
 0.01, Supplementary File 1: Fig. S11), simple ( P < 0.01, Sup-
lementary File 1: Fig. S11), and unknown ( P = 0.062, Sup-
lementary File 1: Fig. S16) repeats compared to intermediate
nd macr oc hr omosomes, the latter especiall y at the tails of the
 hr omosomes. 

In order to assess whether there was a distinction between the
ype of genes (e.g., tissue specific or housek ee ping) in c hr omosome
ypes, w e analyzed RN A sequencing (RN A-seq) datasets from 16
issues (ma pping r ates in Supplementary File 1: Table S6). Sim-
lar to findings in the c hic ken genome by Huang et al. [ 8 ], mi-
r oc hr omosomes sho w ed on av er a ge higher gene expr ession than
acro- and intermediate chromosomes (Fig. 3 A), as well as having
 higher r elativ e abundance of housek ee ping genes, defined here
s genes expressed in at least 13 of the 16 studied tissues included
n this study (Fig. 3 B). 

onserved synteny within the Galliformes clade 

e performed synteny analysis to assess chromosomal and struc-
ur al r earr angements within a wide r ange of a vian species . Four
alliformes were included: turk e y, chick en, Japanese quail, and
elmeted guineafowl. Furthermore, 2 Passeriformes, zebra finch
nd great tit, and emu, a species from the Casuariiformes order,
ere included. The multispecies synteny plot shows a high de-

ree of synteny between the avian species on both macro- and mi-
r oc hr omosomes, despite the large evolutionary distances (Fig. 4 ),
upported by other studies [ 36 , 37 ]. 

Of all c hr omosomes, it is e vident that especiall y the Z c hr omo-
ome has been prone to large chromosomal rearrangements be-
ween avian orders (Fig. 5 ) [ 38 ]. Inter estingl y, we found a large in-
 ersion of ar ound 19 Mbp on the turk e y Z c hr omosome not found
n the other Galliformes and songbirds [ 5 ] (Supplementary File
: Fig. S17). T he in version was supported by a normal alignment
t the a ppr oximate br eakpoints (Supplementary File 1: Table S7–
ig. S18), and the HiC contact map confirmed the accuracy of the
ssembly (Supplementary File 1: Fig. S19). This is especially strik-
ng since r earr angements on the Z c hr omosome ar e uncommon
ithin the Galliformes. One region at the tail of the c hic ken Z
 hr omosome lac ks synten y with other Galliformes altogether [ 39 ].
his region is enriched in repeat sequences in both chicken and
urk e y (Supplementary File 1: Fig. S20), as described pr e viousl y in
ellott et al. [ 39 ]. 

iscussion 

e present a new, chromosome-level, high-quality reference as-
embly for M. gallopavo , Mgal_WU_HG_1.0. The trio-binning ap-
r oac h has been pr ov en to be a robust method to characterize
he 2 haplotypes of F1 individuals [ 14 ]. The c hr omosome-le v el as-
embly (Supplementary File 1: Table S1) presented in this study
onfirms the value of this method in not only providing a qual-
ty assembly but also uncovering structural genomic variation.
he Mgal_WU_HG_1.0 assembly is a large improvement over the
r e vious turk e y assembly, Turk e y_5.1 [ 6 ]. The assembly is now
omparable in quality and completeness to the c hic ken GRCg7
enomes but not as complete as the latest c hic ken genome [ 8 ].
ote that we sequenced a male animal and ther efor e ar e lac k-

ng the W c hr omosome. One major limitation of pr e vious turk e y
ssemblies was that they relied on assumptions of high turk e y–
 hic ken r etained synten y to ac hie v e a c hr omosome-le v el assem-
l y. Suc h assumptions can result in bias, especially when com-
aring turk e y to c hic ken. Mgal_WU_HG_1.0 does not r el y on suc h
omparisons. 

Combining long reads and genome-wide c hr omatin inter ac-
ion data (Hi-C) enables the ca ptur e of c hr omosome arms in a
ingle contig, resulting in a highly continuous and contiguous
 hr omosome-le v el assembl y. Furthermor e, long r eads can span
ong re petiti ve regions, including DNA transposons and LINE ele-

ents, as well as large structural variants. We observe an enrich-
ent of telomeric and TM repeats at the tails of c hr omosomes,

ikely indicating telomeric and centromeric regions, as most of
he turk e y c hr omosomes ar e likel y telocentric [ 5 ]. We show that
he centr omer es located at c hr omosome ends mostl y comprise
M repeat clusters . T hanks to these recent sequencing technolo-
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Figure 3: (A) Ov ervie w of gene expression in macrochromosomes, intermediate chromosomes, and microchromosomes. (B) Relative abundance of 
tissue-specific genes in each chromosome class. Microchromosomes show a higher relative abundance of housek ee ping genes when compared with 
macr oc hr omosomes and intermediate c hr omosomes. Number of tissues tested: 16. Housek ee ping genes: expressed in at least 13 tissues; less specific 
genes: expressed in at least 5 tissues and fewer than 13 tissues; specific: expressed in 2 to 5 tissues; more specific: expressed in 1 or 2 tissues. 

Figure 4: Chromosomal rearrangements across several avian species. Pairwise synteny comparison across 7 birds shows se v er al c hr omosomal 
r earr angements. Gr ay segments r epr esent conserv ed synten y. Species: turk e y ( Meleagris gallopavo ), c hic ken ( Gallus gallus ), Ja panese quail ( Coturnix 
japonica ), helmeted guineafowl ( Numida meleagris ), great tit ( Parus major ), zebra finch ( Taeniopygia guttata ), and emu ( Dromaius novaehollandiae ). 
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gies, we are able to correct a number of wrongly oriented con- 
tigs in Turk e y_5.1, a phenomenon often observed in short-read–
based assemblies . T he impro vements in genome quality, com- 
pleteness, and continuity allow for a more thorough annotation of 
epeats and gene models . T he increase in complete BUSCO genes
n Mgal_WU_HG_1.0, compared to Turk e y_5.1, indicates a m uc h-
mpr ov ed gene space in the current genome assembly, compara-
le to the latest c hic ken genome builds. 
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Figure 5: Chromosome Z rearrangements across 7 avian species. Pairwise synteny comparison of the Z chromosome across avian species reveals a 
lar ge inv ersion in turk e y. Gr ay segments r epr esent conserv ed synten y. Species: turk e y ( Meleagris gallopavo ), c hic ken ( Gallus gallus ), Ja panese quail 
( Coturnix japonica ), helmeted guineafowl ( Numida meleagris ), great tit ( Parus majo r), zebra finch ( Taeniopygia guttata ), and emu ( Dromaius novaehollandiae ). 
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Improving genome assemblies improves all analyses that de-
end on them. One of the reasons to impr ov e the turk e y as-
embly was to better map SNP chip markers to the genome.
NP c hips ar e widel y used in genomic selection, and a better
enome r epr esentation and gene annotation dir ectl y affect its
se for br eeding. Specificall y, the ne w turk e y genome build over-
omes the lack of SNPs mapped to gene-dense microchromo-
omes, as 85.3% of the SNP markers pr e viousl y ma pped to un-
laced scaffolds on Turk e y_5.1 are now mapped to chromosomes
n Mgal_WU_HG_1.0, especially improving the representation of
icr oc hr omosomes 31 to 35. 
Turk e y breeding is done on pure elite lines, which can be se-

ected for different purposes. In our study, 1 parent was from a
emale breeding line, with more focus on egg production and con-
ormation, whereas the other parent was from a male breeding
ine focusing on growth and production traits. In producing a com-

ercial product, lines are crossed to produce hybrid offspring that
how the benefit of the breeding goals of both parental lines. In
ddition, the hybrid offspring benefit from hybrid vigor, resulting
rom 2 relatively differentiated lines. For the trio-binning method,
aving parents that are genetically distinct helps in resolving the
a plotypes. Ne v ertheless, in this study, we present 2 high-quality
ar ental ha plotype assemblies wher e the low heter ozygosity of
he par ents pr esented no obstacle to r esolving the par ental ha p-
otypes. 

Inter estingl y, we found specific structural variation in BLB2 (in-
ersion); TRIM36 , GRIA2 , and MAN2B2 (all duplications); and a
oss-of-function variant in the LRRC41 gene in the parental haplo-
ype from the male line. An additional duplication of the GEMIN8
ene was identified in the parental haplotype from the female
ine . T he BLB2 gene plays an important role in the presentation of
xtracellular antigen and initiation of an immune response [ 30 ].
o w e v er, the consequence and frequency of the inversion in the
ar ental line r emain unclear. The TRIM36 gene is associated with
he spermatozoa acrosome reaction in mice, and knockouts are
ncapable of in vitro fertilization [ 40 ]. Hence, the duplication of this
ene in the paternal line might have implications on male fertil-
ty that r equir e further study. The GRIA2 gene is a excitatory neu-
 otr ansmitter associated with various neurodevelopmental disor-
ers in humans [ 41 ]. The MAN2B2 gene is associated with ovu-

ation rate in pigs [ 31 ], while in humans, this gene is associated
ith a disorder of glycosylation [ 42 ]. Howe v er, the r ole of this gene
nd its duplications in avian species remains unclear. The GEMIN8
ene encodes a protein that is part of the SMN complex, which
s necessary for spliceosomal small nuclear ribonucleoproteins
snRNP) assembly in the cytoplasm and pre-mRNA splicing in the
ucleus [ 43 ]. The LRRC41 gene is likel y knoc ked out in the male
ar ental ha plotype. Knoc k out mice of the LRRC41 gene show in-
reased circulating calcium and glucose le v els and incr eased lean
ody mass [ 34 ]. Ther efor e, this gene is an interesting target gene
or breeding, and the identified stop-gained mutation likely causes
 loss of function of the protein in the parental line, thereby en-
ancing gro wth. Ho w ever, to further validate this hypothesis, we
eed to e v aluate the fr equency in the population and functional
onsequence of the variant. 

Among the remaining challenges in variation analysis is the
 har acterization of structural variants . T he challenge is 2-fold.
irst, these lar ge-scale v ariants ar e often not r obustl y detected
sing short-read sequencing. Second, individuals usually have a
equence that is population specific and may not be present in
 r efer ence assembl y. This can make suc h lar ge insertions hard
o c har acterize, e v en by r esequencing. In the pr ocess of assem-
ling Mgal_WU_HG_1.0, w e no w hav e r efer ence assemblies for 2
istinct breeding lines, which should greatly aid in variation anal-
sis. Ev en though suc h lar ge structur al v ariants a ppear to be un-
ommon between breeding lines, we demonstrate how genes po-
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tentially important in breeding may be affected. These genes can 

be further prioritized in routine genomic breeding practice. 
As more genomes are characterized with high accuracy and at 

a c hr omosome le v el, compar ativ e genomics is incr easingl y used 

to study the function of genes and variants, including copy num- 
ber variants . T he new Mgal_WU_HG_1.0 genome assembly was 
applied to identify orthogroups that have expanded or contracted 

in turk e y compared to other a vian species . Expanded orthogroups 
included various distinct keratin families, encoding major struc- 
tur al pr oteins of feathers and claws [ 44 ]. One gene famil y compris- 
ing the PHF7 was significantly expanded in turk e y. PHF7 acts dur- 
ing spermiogenesis for histone-to-histone protamine exchange 
and is a determinant of male fertility in Drosophila and mouse [ 45 ],
and it is highl y expr essed in rooster testis [ 46 ]. This gene family 
was found to be expanded in c hic ken as well, with distinct gene 
clusters on 5 c hr omosomes [ 29 ]. In addition, genes related to im- 
m unity and r esponse to str ess ar e expanded in turk e y. Further re- 
search is needed to disentangle the exact function of these com- 
plex gene families. 

A c har acteristic of avian genomes is that they comprise a huge 
r ange of c hr omosome sizes. Inter estingl y, bird genome or ganiza- 
tion may be ancestral to all v ertebr ates [ 47 ]. Among the peculiar 
outcomes is a wide range in, for example, recombination rates, GC 

bias , gene densities , and variation density throughout the genome 
[ 35 ]. The distinct nature of these features is particularly difficult 
to study in micr oc hr omosomes as they hav e pr ov en so difficult to 
c har acterize . T he distinct patters of both gene density and repeat 
content between the macro- and microchromosomes have been 

described pr e viousl y by Ka pusta et al. [ 48 ]. The Mgal_WU_HG_1.0 
assembly, though, has a better representation of the microchro- 
mosomes, allowing a better understanding of functional aspects 
of genes and other genome elements. We have shown that the 
micr oc hr omosomes hav e a unique r epeat landsca pe enric hed for 
low-complexity, simple, and unknown repeats, especially at the 
tails of the c hr omosomes. Together, these efforts provide new in- 
sights in micr oc hr omosome composition and evolution. 

Bird genomes have very high retained synteny [ 49 ]. This pattern 

was confirmed in our analysis of the conserv ed synten y between 

se v er al Galliformes (turk e y, c hic ken, Ja panese quail, helmeted 

guineafowl) and 3 outgroups (zebra finch, great tit, emu). De- 
spite the long div er gence time that separates turkey and c hic ken 

[ 2 ], both species have relatively similar karyotypes, confirmed by 
the high structural continuity and relatively little rearrangements 
between the 2 birds, e v en in the micr oc hr omosomes. The lat- 
ter is noteworthy because of the very high recombination rates 
gener all y observ ed in micr oc hr omosomes [ 50 ], whic h would sug- 
gest that a higher rate of chromosomal rearrangements might be 
expected but is not observed. Expanding observations to other 
Galliformes suggest similar degrees of conserved synteny, al- 
though comparisons for micr oc hr omosomes ar e less accur ate 
due to the more incomplete assembly of these other Galliformes 
species. 

The Z c hr omosome pr esents a moder ate yet striking de via- 
tion from the observed evolutionary stability. This chromosome 
exhibits a few rearrangements within the Galliformes, and in 

line with the findings of Zhang et al. [ 5 ], we observed and vali- 
dated a large inversion in the turk e y Z chromosome. As with the 
Mgal_WU_HG_1.0 assembly, the exact breakpoints of this 19-Mbp 

inversion on the Z chromosome can now be pinpointed. This in- 
version is unique for the turk e y lineage and not found in any of 
the other Galliformes. 

In conclusion, the new turk e y genome presented here 
(Mgal_WU_HG_1.0) (and the 2 parental haplotype assemblies) rep- 
esents a substantial impro vement o ver the previous assembly
nd is an important resource with many applications in research
nd in the turk e y breeding industry. 

ethods 

ata and assembly 

o create a high-quality c hr omosome-le v el genome assembl y of
. gallopavo , 3 individuals were sequenced using the trio-binning
 ppr oac h—2 par ents and 1 F1. The 2 par ents come fr om 2 dis-
inct commercial lines from Hendrix Genetics, 1 male line (par-
nt 1) and 1 female line (parent 2). The F1 turk e y was sequenced
y Dovetail Genomics using PacBio SMRT sequencing technol- 
gy (PacBio Sequel System, RRID:SCR _ 017989 ) with a total depth
f 270 ×. We generated short-read sequencing data from the F1
90.4 × cov er a ge) and both par ents (35.4 × and 39.7 × cov er a ge) on
n Illumina HiSeq 4000 (HiSeq 4000 System, RRID:SCR _ 016386 ).
n addition, Hi-C data were generated with a coverage of 32 ×. An
nitial assembly was created by Dovetail Genomics using wtdgb2 
WTDBG, RRID:SCR _ 017225 ) [ 15 ], polished with the PacBio long
eads using wtpoa-cns, and scaffolded using the Dovetail De Novo
ssembl y Pr ocess, whic h uses Chica go and Dov etail Hi-C pr oxi-
ation ligation methods and the HiRise scaffolder as described 

n [ 16 ]. 

olishing 

ilon v1.23 ( RRID:SCR _ 014731 ) [ 51 ] was used to polish SNPs and
ndels based on the short Illumina reads from the F1 (twice with
arameters–diploid –mindepth 0.7 –fix bases –changes) and indels 
ith the Illumina reads from parent 2 because of the higher cov-

r a ge compar ed to par ent 1 (–fix indels). 

caffolding 

e scaffolded the F1 assembl y r eceiv ed by Dovetail Genomics us-
ng the Hi-C reads and the PacBio long reads, both from the F1. The
i-C r eads wer e ma pped to the polished assembl y based on the
rima Mapping pipeline [ 52 ], using BWA-MEM v0.7.17 ( RRID:SCR _
10910 ) [ 53 ] with default parameters . T he filter_five_end.pl script
as used to filter and k ee p the 5 ′ -end. After filtering, the reads
ere sorted and paired using the two_read_bam_combiner.pl 

cript. This results in a sorted, paired-end BAM file that has been
ltered by mapping quality (mapping quality filter = 10). Picard
ools v2.23.4 ( RRID:SCR _ 006525 ) [ 54 ]—Ad dOrRe placeReadGroups
nd MarkDuplicates was used to add a read group and remove
uplicates . T he mapped Hi-C reads were used to scaffold the as-
embly with SALSA v2.2 ( RRID:SCR _ 022013 ) [ 17 ], which is a scaf-
older that uses long-range contact information (Hi-C) with pa- 
ameters -e “GATC.” Redundans v0.14a [ 18 ] was used to scaffold
he assembly with the PacBio reads with length > 40 Kbp and
 emov e r edundant contigs fr om the final assembl y. The par am-
ters -l < long r eads > –noga plosing –noscaffolding were used (–
oscaffolding skips short r ead scaffolding). QV v alues wer e calcu-

ated using Merqury ( RRID:SCR _ 022964 ) [ 22 ]. 

i-C v alida tion—misassemblies 

o validate our F1 assembly and look for misassemblies, we used
i-C contact maps. 
Juicer v1.6 ( RRID:SCR _ 017226 ) [ 55 ] was used to generate Hi-C

ontact ma ps fr om the Hi-C r eads (Supplementary File 1: Fig. S1)
nd 3D-DNA v180922, a 3-dimensional (3D) de novo assembly 
ipeline (3D de novo assembly, RRID:SCR _ 017227 ), to scaffold our
ssembly. Juicebox v1.11.08 ( RRID:SCR _ 021172 ) [ 56 ] was used to

https://scicrunch.org/resolver/RRID:SCR_017989
https://scicrunch.org/resolver/RRID:SCR_016386
https://scicrunch.org/resolver/RRID:SCR_017225
https://scicrunch.org/resolver/RRID:SCR_014731
https://scicrunch.org/resolver/RRID:SCR_010910
https://scicrunch.org/resolver/RRID:SCR_006525
https://scicrunch.org/resolver/RRID:SCR_022013
https://scicrunch.org/resolver/RRID:SCR_022964
https://scicrunch.org/resolver/RRID:SCR_017226
https://scicrunch.org/resolver/RRID:SCR_017227
https://scicrunch.org/resolver/RRID:SCR_021172
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isualize the Hi-C contact map and identify misassemblies. Each
reakpoint in the macrochromosomes was manually checked
ith Juicebox and JBrowse 1.16.9 ( RRID:SCR _ 001004 ) [ 57 ] to vi-

ualize the PacBio read coverage at the breakpoints. 

aplotype assemblies using trio-binning 

rioCanu (a module from the Canu assembler, v2.1.1) (Canu, RRID:
CR _ 015880 ) [ 14 ] was used to bin the parental reads to construct
ar ental ha plotype assemblies. TrioCanu was run with the short
 eads fr om eac h par ent and the F1 P acBio r eads with the following
ptions: -p asm genomesize-1.1 g. 

The corrected reads from TrioCanu were mapped to the Trio-
anu assembly with Minimap2 v2.17-r941 ( RRID:SCR _ 018550 ) [ 58 ],
ptions -x map-pb (mapping PacBio). LRScaff v1.1.10 [ 20 ] was used
o scaffold each parent assembly. For both parents, the scaffold-
ng was done with these parameters: min_contig_length = 500,
dentity = 1, min_ov erla p_length = 400, max_ov erhang_length =
00, max_end_length = 500, min_supported_links = 2, iqr_time =
. Duplicated sequences were removed using seqkit. RagTag v1.1.1
 21 ] was used for r efer ence-guided scaffolding of each parental as-
embly, using the F1 assembly as reference . T he scaffold module
r om Ra gTa g was used with default par ameters. 

ompleteness 

usco 
USCO v4.1.2 ( RRID:SCR _ 015008 ) [ 23 ] was run to assess the com-
leteness of the assembly in terms of gene space. BUSCO was run

n the genome mode (-m genome) and with the v ertebr ae (v er-
ebr ata_odb10) and av es (av es_odb10) datasets (using the flag -l
 dataset > ). 

enome comparison—alignment 
enome assembly alignments were generated using D-GENIES
1.3.0 ( RRID:SCR _ 018967 ) [ 59 ], using minimap2 as the aligner.
he c hr omosomes wer e sorted on length, and noise (short repeat
lignments) was r emov ed fr om the alignment plot. 

tructur al v aria tion (parents) 
tructur al v ariation between the 2 par ental ha plotypes was dis-
ov er ed using SyRI v1.5.4 [ 60 ]. First, we aligned the 2 haplotype
ssemblies using minimap2 with settings -ax asm5 –eqx. Next,
e used SyRI to identify structur al v ariation using the minimap2
lignment. Results were plotted using plotsr tool v0.5.3 [ 61 ]. Large
tructur al v ariants wer e manuall y v alidated in JBr owse 1.16.9 [ 57 ].

emapping and variant calling 

he short Illumina reads from the F1 individual were mapped
ack to the assembly using BWA-MEM v0.7.17 ( RRID:SCR _ 01091
 ) [ 53 ]. Samblaster v0.1.26 ( RRID:SCR _ 000468 ) [ 62 ] was used to
ark duplicates and Samtools v1.14 ( RRID:SCR _ 002105 ) [ 63 ] to

ort and index the B AM files. F reeBay es v1.3.1 ( RRID:SCR _ 010761 )
 64 ] was used for variant calling with –use-best-n-alleles 4 –min-
ase-quality 10 –min-alternate-fraction 0.2 –haplotype-length 0
ploidy 2 –min-alternate-count 2. The vcffilter module from vcflib
0.00.2019.07.10 [ 65 ] was used to discard variants with a low
hr ed quality scor e ( < 20). Tabix, a module fr om htslib v1.9 (SAM-
OOLS, RRID:SCR _ 002105 ) [ 65 ], was used to index the VCF files.
he stats module from BCFtools v1.9 (SAMtools/BCFtools, RRID:
CR _ 005227 ) [ 66 ] was used to compute summary statistics of the
ariant calling. The same process w as follo w ed to call variants for
ac h par ent. Alignment quality contr ol statistics wer e computed
ith QualiMap v.2.2.2-dev ( RRID:SCR _ 001209 ) [ 67 ]. 

NP chip 

n order to map SNP markers from the 65,000 SNP array (Il-
umina, Inc.) to the new genome build, we first aligned the 2
enome builds (Turk e y_5.1 and Mgal_WU_HG_1.0) using n ucmer
4.0.0rc1 (MUMmer, RRID:SCR _ 018171 ) [ 68 ]. Next we converted
he delta file to a chain file using mugsy v1.2.3 delta2maf and

af-convert (Mugsy, RRID:SCR _ 001414 ) [ 69 ]. We used CrossMap
0.6.1 ( RRID:SCR _ 001173 ) [ 59 ] to identify SNP locations on the
uery Mgal_WU_HG_1.0 assembly. We further performed a blastn
2.11.0 + search (BLASTN, RRID:SCR _ 001598 ) [ 70 ] to identify the lo-
ations of SNPs that could not be ma pped fr om the pr e vious build
sing the SNP probe sequences. 

nnotation and repeats 

andem r epeats wer e identified using the TRF tool [ 71 ], and
elomeric and TM repeats were identified using the tidk pack-
ge [ 72 ]. The genome was annotated with the ENSEMBL annota-
ion pipeline and is available as part of the Ensembl Rapid Re-
ease ( RRID:SCR _ 002344 ) [ 25 ]. The transcriptome and proteome
vidence used in the annotation are listed in Supplementary File
. We used a custom Python script to query the Ensembl r a pid
elease homolog gene page to identify Turk e y_5.1 and GRCg6a ho-

ologs of all the Mgal_WU_HG_1.0 genes . T he BuildDatabase tool
rom RepeatModeler v1.0.11 ( RRID:SCR _ 015027 ) [ 24 ] was used to
uild a de novo repeat library from our assembly using the Recon
nd Re peatScout tools. Re peatMask er v4.0.7 ( RRID:SCR _ 012954 )
 73 ] was used to identify repeats together with the custom build
 epeat libr ary fr om RepeatModeler. 

rthologs 

he proteomes of 5 bird species were used to infer orthogroups
option -og) using OrthoFinder v2.5.4 ( RRID:SCR _ 017118 ) [ 74 ].
he proteomes of the following assemblies were downloaded
r om Ensembl r elease 106: turk e y—Turk e y_5.1; c hic ken—GRCg6a;
a panese quail—Coturnix_ja ponica_2.0; helmeted guineafowl—
umMel1.0; and zebr a finc h—bTaeGut1_v1.p. The pr oteomes for
gal_WU_HG_1.0 (turk e y) and GRCg7b (c hic ken) wer e down-

oaded from the Ensembl r a pid r elease (Marc h 2022). For eac h or-
hogr oup, the pr otein isoform with the best alignment based on
pecies similarity, score, and expect v alue was c hosen. Turk e y-
pecific orthogroups were analyzed by running BLASTP v2.11.0 +
 RRID:SCR _ 001010 ) [ 70 ] against the NR database to identify ho-

ologous genes from a wider range of species. 

ene family contractions and expansions of 
rotein-coding gene families 

xpansions and contractions of protein-coding gene families were
ssessed by CAFE5 [ 28 ]. The phylogenetic tree was obtained using
he BirdTree database [ 75 ]. 

istinct genomic landscapes of turkey micro- 
nd macr ochr omosomes 

o better understand the differences between macrochromo-
omes ( > 40 Mbp), intermediate c hr omosomes ( > 40 Mbp, < 20
bp), and micr oc hr omosomes ( < 20 Mbp), we inv estigated r epeat

ontent, gene structure, and gene expr ession. A Welc h t -test was
sed to test for difference of repeat content and families between
acr oc hr omosomes, intermediate c hr omosomes, and micr oc hr o-
osomes. 

https://scicrunch.org/resolver/RRID:SCR_001004
https://scicrunch.org/resolver/RRID:SCR_015880
https://scicrunch.org/resolver/RRID:SCR_018550
https://scicrunch.org/resolver/RRID:SCR_015008
https://scicrunch.org/resolver/RRID:SCR_018967
https://scicrunch.org/resolver/RRID:SCR_010910
https://scicrunch.org/resolver/RRID:SCR_000468
https://scicrunch.org/resolver/RRID:SCR_002105
https://scicrunch.org/resolver/RRID:SCR_010761
https://scicrunch.org/resolver/RRID:SCR_002105
https://scicrunch.org/resolver/RRID:SCR_005227
https://scicrunch.org/resolver/RRID:SCR_001209
https://scicrunch.org/resolver/RRID:SCR_018171
https://scicrunch.org/resolver/RRID:SCR_001414
https://scicrunch.org/resolver/RRID:SCR_001173
https://scicrunch.org/resolver/RRID:SCR_001598
https://scicrunch.org/resolver/RRID:SCR_002344
https://scicrunch.org/resolver/RRID:SCR_015027
https://scicrunch.org/resolver/RRID:SCR_012954
https://scicrunch.org/resolver/RRID:SCR_017118
https://scicrunch.org/resolver/RRID:SCR_001010
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Repeats 

A custom r epeat libr ary cr eated with RepeatModeler and custom 

R scripts was used to investigate the differences in repeat content 
between macr oc hr omosomes, intermediate c hr omosomes, and 

micr oc hr omosomes. Eac h c hr omosome was split into bins (eac h 

bin corresponding to 2% of the chromosome length), allowing us 
to compare the chromosomes by relative length. We calculated 

the av er a ge r epeat content in eac h bin. An ideogr am of the den- 
sity of each repeat feature was created for macrochromosomes, 
intermediate c hr omosomes, and micr oc hr omosomes with the R 

v4.0.2 (R Project for Statistical Computing, RRID:SCR _ 001905 ) [ 76 ] 
pac ka ge RIdeogr am v0.2.2 [ 77 ]. RIdeogr am calculates featur e den- 
sity in sliding windows (100 Kbp for macr oc hr omosomes and in- 
termediate c hr omosomes, 50 Kbp for micr oc hr omosomes). 

Tissue specificity 

Expression data for 16 turk e y tissues (jejun um, pr ov entriculus,
thigh, testis, ileum, pancreas, spleen, br east, br ain, heart, thymus,
li ver, gizzard, duoden um, cecal tonsil, bursa) from a male indi- 
vidual at 3 de v elopmental sta ges (14, 21, and 28 days posthatc h) 
w ere do wnloaded from Bioproject PRJNA259229. Not all tissues 
wer e av ailable at all sta ges: testis was not av ailable at day 21 and 

cecal tonsil at day 28. HISAT2 v2.2.1 ( RRID:SCR _ 015530 ) [ 78 ] was 
used to index the assembly (hisat2-build) and align the RNA-seq 

reads to the assembly. StringTie v2.1.7 ( RRID:SCR _ 016323 ) [ 79 ] was 
used to assemble transcripts using the aligned reads and Ensembl 
gene annotation with options -A and -B. A nonredundant set of 
tr anscripts was gener ated with StringT ie’ s mer ge option (–mer ge),
whic h cr eates a unified set of tr anscripts fr om se v er al samples.
StringTie was run once more, now using this new set of tran- 
scripts as the r efer ence annotation file . T he resulting table con- 
taining the gene abundance of all genes was used in our anal- 
ysis. We analyzed the results through custom R (v4.0.2) scripts.
We started by filtering the gene abundance table to k ee p only 
the genes that are expressed (fragments per kilobase million > 1).
Then we classified genes into housek ee ping (expressed in at least 
13 tissues), less specific (expressed in at least 5 and in fewer than 

13 tissues), specific (expressed in 2 to 5 tissues), and more spe- 
cific genes (expressed in 1 or 2 tissues). The r elativ e abundance of 
housek ee ping/specific genes was calculated by counting the num- 
ber of genes in these categories in macr oc hr omosomes, interme- 
diate c hr omosomes, and micr oc hr omosomes and dividing that by 
the total amount of genes in each chromosome type. 

Gene structure 

We used RIdeogram v0.2.2 [ 77 ] and R (v 4.0.2) to compare the gene 
density between the c hr omosome classes. RIdeogr am calculates 
gene density in sliding windows, 100 Kbp for macr oc hr omosomes 
and intermediate c hr omosomes, 50 Kbp for micr oc hr omosomes.
Gene density per megabase was calculated by dividing the num- 
ber of annotated genes on a c hr omosome by its length. A Welch 

t -test was used to test for difference of gene densities between 

macr oc hr omosomes, intermediate c hr omosomes, and micr oc hr o- 
mosomes. 

Synteny 

The MCScan Python pipeline from the JCVI utility libraries v1.1.11 
(MCScan, RRID:SCR _ 017650 ) [ 80 ] was used to study c hr omoso- 
mal r earr angements between se v er al bird species: turk e y ( M. gal- 
lopavo ), c hic ken ( G. gallus ), Ja panese quail ( C. japonica ), helmeted 

guineafowl ( N. meleagris ), great tit ( P. major ), zebra finch ( T. guttata ),
and emu ( D. novaehollandiae ). 
The genome (fasta coding DNA sequence, CDS) and annota- 
ion files for these species were obtained from Ensembl release 
06. The files for Mgal_WU_HG_1.0 and GRCg7b were obtained 

rom the Ensembl rapid release (April 2022). The annotation file
or the em u assembl y ZJU1.0 was shared with us from [ 81 ]. This
nnotation file, in combination with the FASTA file obtained from
CBI, was used to create the CDS fasta file necessary for the
ipeline. 

We started by trimming the accession IDs in the FASTA file
nd converting the GFF3 annotation file to BED format. The
cvi.compara.catalog ortholog and jcvi.compara.synteny screen 

with parameters –simple) were used to create the necessary 
nput files for plotting. The synteny plots were created with
cvi.gr a phics.karyotype using par ameter –basepair. To v alidate the
 hr omosome Z inv ersion, first we manuall y c hec ked the inv ersion
r eakpoints (r eads spanning) using JBr owse 1.16.9. 

a ta av ailability 

he genome assemblies and sequencing data have been de- 
osited in ENA under Bioproject accession PRJEB42643. The turk e y
enome and annotations ar e av ailable thr ough ENSEMBL Ra pid
elease [ 82 ]. All supporting data and materials are available in
he GigaScience GigaDB database [ 83 ]. 

dditional files 

upplementary File 1: Table S1. Genome assembly and annota- 
ion ov ervie w. 
upplementary File 1: Table S2. QV v alues indicating assembl y
uality and completeness. 
upplementary File 1: Table S3. Protein homology between 

gal_WU_HG_1.0, Turk e y_5.1, and c hic ken (GRCg6a). 
upplementary File 1: Table S4. Blast results of proteins in
gal_WU_HG_1.0–specific orthogroups. 
upplementary File 1: Table S5. Mapping of 65,000 markers on
gal5.1 and Mgal_WU_HG_1.0. 
upplementary File 1: Table S6. Ma pping r ate of RNA-seq
atasets from 16 tissues to Mgal_WU_HG_1.0. Tissues (jejunum,
r ov entriculus, thigh, testis, ileum, pancreas, spleen, breast, brain,
eart, thymus, liver, gizzard, duodenum, cecal tonsil, bursa) are 
rom a male individual at 3 developmental stages (14, 21, and 28
ays posthatch). 
upplementary File 1: Table S7. Mummer alignment between 

urk e y_5.1 and Mgal_WUR_HG_1.0 of the first and the second
reakpoints of the 19.4-Mbp inversion on the Z chromosome. 
upplementary File 1: Fig. S1. Hi-C contact map of the
gal_WU_HG_1.0 assembly. 
upplementary F ile 1: F ig. S2. Ov ervie w of tandem repeats iden-
ified in the turk e y genome. 
upplementary File 1: Fig. S3. P ar ent 1 vs. parent 2 alignment. 
upplementary File 1: Fig. S4. Distribution of copy gains and copy

osses in parent 2 compared to parent 1 haplotype. 
upplementary F ile 1: F ig. S5. Inversion comprising the start of
he BLB2 gene in parent 2 compared to the parent 1 haplotype. 
upplementary F ile 1: F ig. S6. Duplication affecting the tail of the
AN2B2 gene in parent 2 compared to the parent1 haplotype. 
upplementary F ile 1: F ig. S7. Duplication affecting GEMIN8 gene

n parent 2 compared to the parent1 haplotype. 
upplementary File 1: Fig. S8. Duplication affecting RIMKLB gene 
ith higher copy number in parent 2 compared to parent 1 hap-

otype. 
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upplementary F ile 1: F ig. S9. Av er a ge DNA r epeat content along
he c hr omosomes for macr oc hr omosomes, intermediate c hr omo-
omes, and micr oc hr omosomes. 
upplementary File 1: Fig. S10. Av er a ge LINE r epeat content along
he c hr omosomes for macr oc hr omosomes, intermediate c hr omo-
omes, and micr oc hr omosomes. 
upplementary F ile 1: F ig. S11. Av er a ge low-complexity repeat
ontent along the c hr omosomes for macr oc hr omosomes, inter-
ediate c hr omosomes, and micr oc hr omosomes. 

upplementary File 1: Fig. S12. Av er a ge LTR r epeat content along
he c hr omosomes for macr oc hr omosomes, intermediate c hr omo-
omes, and micr oc hr omosomes. 
upplementary F ile 1: F ig. S13. Av er a ge simple r epeat content
long the c hr omosomes for macr oc hr omosomes, intermediate
 hr omosomes, and micr oc hr omosomes. 
upplementary File 1: Fig. S14. Av er a ge SINE r epeat content along
he c hr omosomes for macr oc hr omosomes, intermediate c hr omo-
omes, and micr oc hr omosomes. 
upplementary File 1: Fig. S15. Av er a ge snRNA r epeat content
long the c hr omosomes for macr oc hr omosomes, intermediate
 hr omosomes, and micr oc hr omosomes. 
upplementary File 1: Fig. S16. Av er a ge unknown repeat con-
ent along the c hr omosomes for macr oc hr omosomes, intermedi-
te c hr omosomes, and micr oc hr omosomes. 
upplementary File 1: Fig. S17. Chromosome Z alignment show-

ng inversion with GRCg7b (A) and Turk e y_5.1 (B). 
upplementary File 1: Fig. S18. Alignment of corrected PacBio
eads at the approximate breakpoints of the ∼19.4-Mbp inversion
n the Z c hr omosome. 
upplementary File 1: Fig. S19. HiC contact map of the Z c hr o-
osome. 

upplementary File 1: Fig. S20. Sc hematic vie w of Gal7b c hr o-
osome Z and r epr esentation of se v er al biotypes of genes and

enomic features (Ensembl, rapid release 15 June 2022, accessed
7 June 2022). 
upplementary File 2. Repeat annotation. 
upplementary File 3. Gene family expansions and contractions.
upplementary File 4. Syri output showing structural variation
etween the 2 parent haplotypes. 
upplementary File 5. Structur al v ariation between par ent ha p-

otypes. 
upplementary File 6. Stop-gained variants identified in either or
 of 2 parent haplotypes. 
upplementary File 7. Tr anscriptome and pr oteome e vidence
sed for ENSEMBL annotation. 
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