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CHI26 assemblies, a missed inversion in CHI1 compared to 
BTA1 and OAR1, and the exact assembly of a region of about 
7 Mb in OAR10 and CHI12. Incorrect positioning of genomic 
tracts can cause unintended consequences in genetic analy-
ses, especially when the data represent a starting point for 
the construction of genetic tools. In the new genomic as-
semblies published after the conclusion of our experiments, 
however, the accuracy in the construction of animal assem-
blies has been much improved, even if the new assemblies 
present more extended unmapped portions than the previ-
ous versions. The gap could be filled by comparative analy-
ses between similar species or FISH.  © 2020 S. Karger AG, Basel 

 Bovidae, from an economic point of view, represent 
the most important family among the 6 families belong-
ing to the Ruminantia suborder and comprise more than 
100 species [Chen et al., 2019]. For this reason, Bovidae, 
especially the species  Bos taurus , have been the subject of 
many genetic and genomics studies. The mitochondrial 
[Anderson et al., 1982] and nuclear genomes [Bovine Ge-
nome Sequencing and Analysis Consortium, 2009] of  B. 
taurus , in fact, were among the first genomes to be se-
quenced, only a few years after the sequencing of the 2 
human genomes. After this first sequencing, both up-
dates/improvements and independent sequencing fol-
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 Abstract 

 From an economic point of view, Bovidae represent the most 
important family of the Ruminantia suborder. Thus, the mi-
tochondrial and nuclear genomes of  Bos taurus  were among 
the first genomes to be sequenced after the sequencing of 
the human genomes. Over the millennia, the evolution of 
the genomes of the 3 main species belonging to the Bovidae 
family –  B. taurus  (BTA),  Ovis aries  (OAR), and  Capra hircus  
(CHI) – has led to few chromosome rearrangements. Certain-
ly, the availability and free access to the animal genomes 
significantly contributed to the improvement of animal ge-
netics; however, some errors may exist due to the high auto-
mation in the genomic assembly construction process. In 
this work, some differences between the genomes of cattle, 
goat, and sheep highlighted by bioinformatics analysis have 
been verified by FISH, confirming that some errors persist 
even in the most recent genome assemblies. This type of ap-
proach has allowed us to detect a misassembly of a region 
belonging to BTA16 and to the homologues OAR12 and 
CHI16, a misassembly of a short tract in BTA22, OAR19, and 
CHI22, an incorrect mapping of a region of BTA21 and of 
CHI27 and OAR26, a discrepancy in the BTA26, OAR22, and 
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lowed. All these data are now freely available through var-
ious online web sites.

  Concerning the cattle, goat, and sheep genomes, dif-
ferent research groups have produced assemblies that 
have been updated gradually. The characteristics of the 
assemblies currently available are shown in  Table 1  (only 
the most recent update). The information necessary for 
carrying out this work was taken from the following as-
semblies: UMD_3.1.1 (cattle), Oar_v4.0 (sheep), and 
CHIR_2.0 (goat). The availability and assembly of ge-
nome sequences have proved to be a great help in animal 
selection. A selection can now be made on a genomic ba-
sis and not only on a morphological basis, as was the case 
in livestock farms until not long ago. However, due to the 

highly automated strategies used for the construction of 
genome assemblages, errors in the genome assembly may 
occur [De Lorenzi et al., 2010]. Furthermore, several dis-
crepancies between different assemblies have already 
been highlighted [Partipilo et al., 2011]. Without dimin-
ishing the importance of the availability of genomic se-
quences in animal genetics research, an erroneous assem-
bly can cause various problems such as an incorrect link-
age between molecular markers. Considering the 3 main 
species (from an economic point of view) of the Bovidae 
family, cattle ( B. taurus,  BTA), sheep ( Ovis aries , OAR), 
and goat ( Capra hircus , CHI), we can assert that their ge-
nomic structure is highly conserved, showing a strong de-
gree of similarity. Cattle and goats share the same diploid 

Table 1.  Characteristics of the assemblies currently available regarding Bos taurus, Ovis aries, and Capra hircus

Species Assembly Release date Submitter Assembly con-
tent

Mapped base 
pairs

Unplaced base 
pairs

Cover-
age

Sequencing 
strategy

Reference

Cattle UMD_3.1.1 11/25/2014 Center for Bioin-
formatics and 
Computational 
Biology, Univer-
sity of Maryland

Autosomes; X 
chromosome; 
unplaced scaf-
folds

2,660,906,405 9,216,905 9× Sanger Zimin et al., 
2009

Cattle Btau_5.0.1 11/19/2015 Cattle Genome 
Sequencing Inter-
national Consor-
tium

Autosomes; X 
chromosome; 
unplaced scaf-
folds

2,715,765,904 9,214,836 19× Sanger; 
PacBio RS II

Bovine Ge-
nome Sequenc-
ing and Analy-
sis Consortium, 
2009

Cattle ARS-UCD1.2 04/11/2018 USDA ARS Autosomes; X 
chromosome; 
unplaced scaf-
folds

2,628,394,923 87,442,531 80× PacBio; 
Illumina 
NextSeq 500; 
Illumina 
HiSeq; Illu-
mina GAII

Unpublished

Sheep Oar_v4.0 11/20/2015 International 
Sheep Genome 
Consortium

Autosomes; X 
chromosome; 
unplaced scaf-
folds

2,584,815,894 30,683,789 166× Illumina 
GAII; 454; 
PacBio RSII

International 
Sheep Genom-
ics Consor-
tium, 2010

Sheep Oar_rambouillet_v1.0 11/02/2017 Baylor College of 
Medicine Human 
Genome Sequenc-
ing Center

Autosomes; X 
chromosome; 
unplaced scaf-
folds

2,809,021,901 60,875,879 126× HiSeq X Ten; 
PacBio RS II

Unpublished

Goat CHIR_2.0 09/16/2015 Beijing Genomics 
Institute

Autosomes; X 
chromosome; 
unplaced scaf-
folds

2,685,484,791 123,933,671 175× Illumina Dong et al., 
2013

Goat ARS1 08/24/2016 USDA ARS Autosomes; 
unplaced scaf-
folds

2,582,134,882 340,661,721 50× PacBio Unpublished

Goat CVASU_BBG_1.0 03/22/2019 Bangladesh Goat 
Genome Consor-
tium (BGGC)

Autosomes; 
unplaced scaf-
folds

2,791,592,313 250,031,347 14× Illumina 
HiSeq

Unpublished
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number (2n = 60) with structurally similar autosomes, 
except for a small well-known translocation involving 
BTA9/CHI14, while sheep have a lower diploid number 
(2n = 54) than the 2 other species, due to the presence of 
3 centric fusions that occurred during species evolution 
[Iannuzzi et al., 2009]. Several years ago, our laboratory 
developed a bioinformatics approach combining physical 
mapping of markers by fluorescence in situ hybridization 
(FISH) with informatics data which allowed detecting 
both small evolutionary divergences and errors in ge-
nomic assemblies [De Lorenzi et al., 2015].

  In the present work, some differences between the cat-
tle, goat, and sheep genomes highlighted by bioinformat-
ics analysis have been verified by FISH, confirming that 
even the most recent assemblies contain errors.

  Materials and Methods 

 Bioinformatics Analysis 
 Briefly, end sequences from the INRA Bt BAC library [Eggen 

et al., 2001] were used as e-probes to compare the cattle, sheep, and 
goat genomes. The genomic assemblies that were considered were 

UMD3.1.1 (cattle), CHRI_1.0 (goat), and oviAri4 (sheep). These 
probes underwent stringent quality control in order to eliminate 
sequences that might produce incorrect results. The localization of 
e-probes on genomes was performed using the BLAST-like Align-
ment Tool (BLAT) software [Kent, 2002]. A detailed description 
of the production of the e-probes and their localization on ge-
nomes is given in De Lorenzi et al. [2015].

  FISH Analysis 
 BACs from 2 libraries were used for the FISH experiments: 

INRA Bt [Eggen et al., 2001] and the CH-240 Library (constructed 
by C.L. Shu and K. Osoegawa from CHORI). The characteristics 
of the BACs and their location in the various genomes under con-
sideration are reported in  Table 2  and online supplementary Ta-
ble  1 (for all online suppl. material, see www.karger.com/
doi/10.1159/000506221). The BACs were grown overnight at 37   °   C 
in Luria Broth supplemented with chloramphenicol, and DNA was 
extracted using the PhasePrep TM  BAC DNA Kit (Sigma Aldrich), 
following the manufacturer’s instructions. Next, 250 ng of DNA 
was labeled with biotin 16-dUTP or Cy3-dUTP using a Nick 
Translation Kit (Merck). Overnight hybridization was performed 
as reported in De Lorenzi et al. [2014]. The images were taken us-
ing an epifluorescence microscope equipped with a charge-cou-
pled device camera. Avidin-FITC (to detect biotin-labeled DNA) 
signals, Cy3 (direct labeling) signals, and DAPI fluorescence of the 
chromosomes were detected using specific filters. The images were 

Table 2.  Genomic characteristics of the BACs used in the experiments

Case BAC name Library GenBank accession numbers 
for BAC end sequences

BAC lengtha, kb  Genome positionb

cattle c sheepd goate

1 182I21 CH240 CL605447/CL605383 136.5 BTA16: 49,510,112 OAR12: 78,760,150 Un:scaffold2905f

1 97H07 CH240 BZ956267/BZ956180 136.5 BTA16: 50,120,317 OAR12: 46,878,591 CHI16: 46,405,859

2 364O23 CH240 CC517840/CC517750 184.7 BTA22: 14,409,935 OAR19: 15,479,000 CHI22: 15,495,247
2 203I12 CH240 BZ866440/BZ866405 225.7 BTA22: 15,155,470 OAR19: 14,484,823 CHI22: 14,328,276

3 53D03 INRA CR841122/CR841121 141.5 BTA21: 59,936,599 OAR26: 628,140 CHI27: 807,842
3 955F02 INRA CR845072/CR845071 Unknowng BTA21: 60,247,362 OAR26: 441,555 CHI27: 628,278
3 312A06h INRA DEFB1 Unknowni BTA27: 5,788,753j OAR26: 5,696,505j CHI27: 5,867,577j

4 783G01k INRA RB1 Unknowni BTA12: 18,196,641j OAR10: 18,439,414j CHI12: 16,026,841j

4 391O02 CH240 CC591234/CC591147 146.3 BTA26: 23,062,932 OAR22: 49,128,581 CHI26: 48,660,131
4 239G20 CH240 BZ843545/BZ843543 148.5 BTA26: 25,064,333 OAR22: 23,843,622 CHI26: 23,089,034

5 668D03 INRA CR816168/CR816167 135.7 BTA1: 22,832,127 OAR1: 141,557,009 CHI1: 23,766,882
5 535G01 INRA CR807858/CR807859 109.1 BTA1: 24,648,163 OAR1: 143,396,027 CHI1: 21,970,551

6 9C04 CH240 BZ896667/BZ896585 211.6 BTA12: 69,602,179 OAR10: 69,522,093 CHI12: 66,688,682
6 519L12 CH240 CZ022887/CZ022695 195.2 BTA12: 72,374,129 OAR10: 71,056,324 CHI12: 67,626,687
6 368K21 CH240 CC520755/CC520663 114.9 BTA12: 75,120,432 OAR10: 71,101,723 Un: scaffold2040
6 379022 CH240 CC583411/CC583319 167.3 BTA12: 76,972,153 OAR10: 72,376,726 CHI12: 68,434,055

 a The sizes of the BACs refer to the bovine genome. b The initial position of the most centromeric END is reported. c UMD_3.1.1 genome assembly. d 
oviAri_4 sheep genome assembly. e CHIR_1.0 goat genome assembly. f Un, unplaced scaffold. g From the available bioinformatics data it was not possible 
to know the BAC size. h Reference marker for BTA27 according to Gautier et al. [2001], related to the defensin beta 1 gene (DEFB1). i The ends of these BACs 
were not sequenced; thus it was not possible to know the BAC size. j CDS starting position of the reference gene. k Reference marker for BTA12 according 
to Gautier et al. [2001], related to the retinoblastoma 1 gene (RB1).

CGR506221.indd   3CGR506221.indd   3 18.03.2020   10:21:0218.03.2020   10:21:02

huge092
Hervorheben
 superscript  ((cattlec))

huge092
Hervorheben
positionb

huge092
Hervorheben
end ?

huge092
Hervorheben
Oar_v4.0 ?(see Table 1)

huge092
Hervorheben
Should this be 2.0 ?

huge092
Durchstreichen

huge092
Eingefügter Text
UMD_3.1.1 ((for consistency))

huge092
Hervorheben
1.0 correct?see highlighted text on page 2

huge092
Hervorheben
Oar_v4.0 for consistency ??

huge092
Durchstreichen

huge092
Hervorheben
2. More detailed information is available upon request from the authors.  Insert this sentence ?

P
Nota
YES, IS positionb

P
Nota
yes, is cattlec

P
Nota
OK, type end

P
Nota
IT'S CORECT

P
Nota
IT'S CORRECT

P
Nota
GENERAL INFORMATION:Table 1 shows the most recent assemblies currently available for each projectTable 2 shows the positions on the assemblies used for bioinformatics analyzes, carried out a few years ago ...

P
Nota
YES, IT'S OK

P
Nota
YES

P
Nota
YES, ACCORDING TO HOW WE HAVE AGREED



 De Lorenzi/Parma

 

Cytogenet Genome Res
DOI: 10.1159/000506221

4

recorded and merged using the QFISH software (Leica Microsys-
tems, Wetzlar, Germany).

  Cytogenetic Localization 
 In order to provide a cytogenetic localization of the BACs used 

in the FISH experiments, we compared the hybridization signal 
images to a reference ideogram of the chromosomes [Cribiu et al., 
2001], as previously proposed by Iannuzzi et al. [2015].

  Results 

 Case 1. Discrepancies in the BTA16, OAR12, and 
CHI16 Assemblies 
 From an evolutionary point of view, BTA16 and 

OAR12 are homologous, so we expected that the order of 
the markers from the centromere to the telomere of the 2 
chromosomes would be respected. From the bioinfor-
matics analysis, it emerged instead that a region of about 
210 kb, characterized by the presence of 9 BACs, is posi-
tioned in the sheep at about 78.8 Mb (almost terminal on 
OAR12) instead of around 49.5 Mb as expected from the 
bovine database. Considering the goat database, it was 
not possible to determine the position of the BACs used 
as probes in FISH experiments, as they were not mapped. 
The data obtained from the databases were verified by 
physical mapping of 2 bovine BACs: 182I21, which in 
sheep should be located in an almost terminal region of 
OAR12, and 97H07, which maps downstream of the mis-
assembled region ( Fig. 1 a). The results obtained by FISH, 
performed in all 3 species, confirmed there was actually a 
misassembly of the fragment in the sheep genome, but 
also in the cattle and the goat genome, thus highlighting 
an assembly error in the bovine assembly. BAC 182I21 is 
always positioned in a terminal region in BTA16, OAR12, 
and CHI16 ( Fig. 2 a–c).

  Case 2. Discrepancies in the BTA22, OAR19, and 
CHI22 Assemblies 
 In this case, the discrepancy found between the bovine 

assembly and the sheep and goat assemblies comprised a 
rather small misassembled region involving BTA22, cor-
responding to CHI22 and OAR19. It amounted to about 
0.7 Mb. The sheep genome showed the same assembly as 
the goat genome (not shown). Two BACs (364O23 and 
203I12;  Fig. 1 b) were used in FISH experiments for the 
physical mapping of the genomic region involved. The 
results revealed the more centromeric position of BAC 
203I12 compared to 364O23 in all 3 species. The results 
confirm the error in the assembly of the bovine genome 
compared to the sheep and goat genomes ( Fig. 2 d–f).

  Case 3. Discrepancies in the BTA21, OAR26, and 
CHI27 Assemblies 
 A genomic region of about 400 kb has a discordant 

location in the 3 species. In bovines, it is assembled near 
the telomere of BTA21, while in the sheep and goat ge-
nomes it is located on homologous chromosomes, 
OAR26 and CHI27, near the centromere ( Fig. 1 c). The 
exact position was verified using the BACs 53D03 and 
955F02, both included in this region. Surprisingly, the 
physical mapping showed their location on 2 different 
chromosomes: BAC 53D03 maps close to the centromere 
of BTA27 (homologous to OAR26 and CHI27), whereas 
BAC 955F02 maps close to the centromere of BTA12. 
The correct chromosome was identified using reference 
BACs of BTA27 and BTA12, according to Gautier et al. 
[2001] ( Fig. 2 g–j). In comparing the databases of the 3 
species, it emerged that a short region of about 400 kb 
(including BACs 53D03 and 955F02) is not correctly as-
sembled. Particularly, in the bovine genome, it is assem-
bled in a telomeric region of BTA21, while in goat and 
sheep it is assembled in a centromeric region of CHI27 
and OAR26, respectively. The regions containing the 2 
BACs (53D03 and 955F02) which we used as markers in 
FISH experiments to physically map the region of inter-
est are represented in purple in  Figure 1 c. The physical 
mapping, instead, pointed out that the 2 markers do not 
belong to the same region and that, in the bovine assem-
bly, neither of them maps on BTA21. FISH demonstrat-
ed that BAC 53D03 hybridizes in the centromeric region 
of BTA27 (corresponding to CHI27 and OAR26), while 
BAC 955F02 maps to a subcentromeric region of BTA12, 
CHI12, and OAR10. Regarding BAC 53D03, we can con-
clude that the bovine database is incorrect, while the goat 
and sheep databases are correct. For 955F02, all 3 data-
bases are incorrect. For the exact identification of chro-
mosomes, we used double FISH, combining the markers 
with the reference BACs of BTA27 (BAC 312A06; 
 Fig. 2 h–j) and BTA12 (BAC 783G01;  Fig. 2 g), according 
to Gautier et al. [2001]. Images of double FISH per-
formed with BACs 955F02 and 783G01 on goat and 
sheep chromosomes are not shown.

  Case 4. Discrepancies in the BTA26, OAR22, and 
CHI26 Assemblies 
 This situation is similar to those reported in cases 1 

and 2. A small region (of about 160 kb) maps on BTA26 
at about 23 Mb, whereas the same region seems to map 
on CHI26 at 48 Mb ( Fig. 1 d) and on OAR22 (homologous 
to BTA26 and CHI26) at 49 Mb (data not shown). Double 
FISH analysis using BACs 391O02, belonging to the hy-
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Fig. 1.   a–e  Genomic position of BACs as highlighted by bioinfor-
matics.  a  BACs 182I21 and 97H07 in OAR12 compared to the bo-
vine homologue BTA16.  b  BACs 364O23 and 203I12 in CHI22 
compared to BTA22.  c  Genomic location of the region including 
the BACs 53D03 and 955F02. The region is misassembled in a telo-
meric region of BTA21 and in a centromeric region of CHI27 and 
its homologue OAR26.  d  BACs 391O02 and 293G20 in CHI26 
compared to BTA26.  e  Representation of an inverted fragment, 

including BACs 668D03 and 535G01, on CHI1 compared to 
BTA1. In  a ,  b ,  d , and  e , the BACs are labeled in green and red in 
accordance to their signal colors in FISH (green, probe labeled 
with biotin and detected with avidin-FITC; red, probe directly la-
beled with Cy3). The dots along the lines represent the probes 
available from which we have chosen the markers used in the FISH 
experiments. 
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Fig. 2.  Physical mapping of differ-
ent BACs on bovine (BTA), sheep 
(OAR), and goat (CHI) chromo-
somes.  a–c  BACs 182I21 (green sig-
nals in an almost terminal region of 
the homologous chromosomes) 
and BAC 97H07 (red signals).  d–f

BACs 364O23 (green signals) and 
203I12 (red signals). In all 3 species, 
the more centromeric position of 
BAC 2031I12 compared to 364O23 
is evident.  g  BAC 955F02 (red sig-
nals) in combination with the refer-
ence BAC of BTA12 (783G01, 
green signals). BAC 955F02 maps 
close to centromere.  h–j  BAC 
53D03 (red signals) coupled with 
the reference BAC of BTA27 
(312A06, green signals). BAC 
53D03 maps close to centromere of 
the homologous chromosomes.  k–

m  BACs 391O02 (green signals) 
and 293G20 (red signals). In all 3 
species the telomeric position of 
BAC 391O02 is shown.  n–p  BACs 
668D03 (green signals) and 535G01 
(red signals). In all 3 species the 
more centromeric position of BAC 
668D03 compared to 535G01 is vis-
ible.  q–y  BACs 9C04 and 368K21 
(green signals) and BACs 519L12 
and 579O22 (red signals). For FISH 
experiments the BACs were cou-
pled 2 by 2 to verify the exact order 
of the markers, which is conserved 
for all 3 species. 
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pothetical misassembled region, and 293G20, located 
downstream of the misassembly, confirmed the existence 
of a misassembly in both sheep and goat, but also in cattle, 
highlighting an error in the bovine genome assembly 
( Fig. 2 k–m).

  Case 5. Discrepancies in the BTA1, OAR1, and CHI1 
Assemblies 
 Here, a large genomic portion (of about 2.3 Mb), com-

prising 24 consecutive BACs and positioned at about 24 
Mb on BTA1, appears to be inverted in the goat genome 
compared to the cattle and sheep genomes ( Fig. 1 e). FISH 
experiments performed using the BACs 668D03 and 
535G01, included in the inverted region at the opposite 
poles, revealed that the hypothetical inversion was an ar-
tifact of genomic assembly. The physical mapping showed 
the same orientation of the genetic portion in all 3 species; 
this orientation agrees with the cattle and sheep databas-
es. In this case, the error lies in the goat genome assembly 
( Fig. 2 n–p).

  Case 6. Discrepancies in the BTA12, OAR10, and 
CHI12 Assemblies 
 In the last case, we considered a genomic region of 

about 8 Mb, located on BTA12 at about 75 Mb, and 
incorrectly mapped in the sheep and goat genomes 
(online suppl. Table 2). In order to map this large ge-

nomic region, 4 different BACs were used: 9C04, 
519L12, 368K21, and 579O22. The first and last BAC 
show the correct mapping (i.e., mapping on homolo-
gous chromosomes in the 3 species), while the other 2 
show a non-coherent mapping. The results of physical 
mapping have shown that even the region comprising 
the 2 external BACs presents consistent mapping; in 
fact, all BACs map on BTA12, OAR10, and CHI12, re-
spectively, preserving order and marker distances 
( Fig. 2 q–y).

  Cytogenetic Localization 
 To complete the work, we also propose a cytogenetic 

localization of the BACs used in FISH experiments. The 
assignment of the cytogenetic bands in the 3 species con-
sidered is shown in  Table 3 .

  Discussion 

 Incorrect positioning of genomic tracts in databases 
can cause unintended consequences in genetic analysis, 
especially when the assembly data are used as a starting 
point for the construction of a genetic tool used by re-
searchers around the world. If we take Case 1 as an ex-
ample, a region of about 250 kb (BTA16:   49,423,434–
49,648,057) has been arranged in a wrong position in the 
bovine genome (assembly UMD3.1.1), since the physi-
cal mapping by FISH analysis clearly showed that it is 
placed in a telomeric region. As this assembly was used 
for the construction of the mostly employed single-nu-
cleotide polymorphism (SNP) arrays, the logical conse-
quence is that a certain series of SNPs do not map where 
they really are. In one of the most used HD SNP arrays, 
the aforementioned region includes 6 SNPs (Bovine-
HD1600013730, BovineHD1600013736, ARS-BFGL-
BAC-32069, ARS-BFGL-NGS-76897, Bovine-
HD1600013759, and BTA-119822-no-rs). Therefore, 
during the mapping of elements concerning phenotypic 
aspects, any association involving these SNPs should 
consider not only the genes included in this genomic 
portion, but also the genes positioned in a much more 
telomeric position. The negative consequence is even 
clearer in Case 3, in which the genomic portion is placed 
on another chromosome. The bioinformatics analysis 
that highlighted these anomalies took into consider-
ation the genomes available at the time of the work: 
UMD3.1.1 (bosTau8) for cattle, made available in Janu-
ary 2016, CHIR_1.0 for goat, released in September 
2015, and finally OviAri4 for sheep, made available in 

Table 3.  Cytogenetic localization of the BACs used in the FISH 
experiments

BAC name Cattle/goat Sheep

182I21 16q26 12q25
97H7 16q22 12q17-21
203I12 22q13 19q13
364O23 22q13-21 19q13
53D03 27q13 26q14
312A06a 27q13-14 26q14-15
955F02 12q13 10q13
783G01a 12q13 10q13
391O02 26q23 22q23-24
293G20 26q21 22q21
668D03 1q21 1q12-13
535G01 1q21 1q13
9C04 12q23 10q23
519L12 12q23-24 10q24
368K21 12q24 10q24
379022 12q25 10q24-25

 a Localization in cattle already reported by Gautier et al. [2001].
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December 2015. Subsequently, new independently pro-
duced assemblies were published for all 3 species. In 
April 2018, the USDA ARS released the cattle ARS-
UCD1.2 genome assembly, in November 2019, the Bay-
lor College of Medicine released the sheep Oar_ram-
bouillet_v1.0 genome assembly, and in August 2016, the 
USDA ARS also released the goat ARS1 genome assem-
bly. In 4 of the 6 analyzed regions, we found an assembly 
error in the cattle UMD3.1.1 genome, and we confirmed 
the correct assembly for the sheep and goat genomes. In 
reconsidering the positions of the BACs used for the 
present work in the newly published assemblies of the 3 
species (online suppl. Table 1), we can affirm that many 
of the discrepancies observed between the old databases 
and physical mapping of the markers have been correct-
ed and are currently in agreement, demonstrating the 
greater accuracy of the data provided by the latest as-
semblies. Better accuracy is probably the result of using 
better sequencing technologies such as the PacBio se-
quencing strategy, which allows the production of lon-
ger reading strings. The data recorded in this work, in 
fact, certify the improvement work done in the last ge-
nomic assemblies. There is a further consideration, 
however, regarding the assemblies of the goat genome: 
CHIR_1.0 (from the International Goat Genome Con-
sortium) and Goat ARS1 (from USDA ARS). BAC 
53D03 is correctly localized in the new bovine genome 
assembly (ARS-UCD1.2) and in the 2 sheep genomes, 
old and new (oviAri4 and Oar_rambouillet_v1.0, re-
spectively), while it is incorrectly localized in the new 
goat genome ARS1 assembly. It is mapped, in fact, in a 
telomeric region. Regarding BAC 955F02, we can state 
that it is incorrectly mapped not only in the old version 
of the genome assembly but also in the most recent ones. 
Traditionally, in a genomic assembly, the base pair num-
ber 1 is located in a centromeric region; but in the case 
of ARS1, it is reported in an inverted manner, so it is 
located in the telomeric region. Subsequent analyses 
have verified this, and we can state that while 16 pairs of 
chromosomes (numbers 1, 5, 6, 8, 9, 11, 13, 16, 18, 19, 
20, 21, 22, 24, 25, and 29) map in a comparable direction 
in the 2 assemblies, the remaining 13 pairs are inverted. 
However, despite the proven higher accuracy of the 
most recent assemblies, they present more extended un-
mapped portions than the previous versions (87 Mb vs. 
9 Mb for the cattle genome, 60 vs. 30 Mb for the sheep 
genome, and 340 vs. 111 Mb for the goat genome). The 
remaining unplaced fragments could be mapped in 2 
ways: by comparative analysis between similar species or 
by FISH [De Lorenzi et al., 2013].

  Conclusion 

 Bioinformatics analysis has previously shown an evo-
lutionary rearrangement between the cattle and the goat 
assemblies [De Lorenzi et al., 2015]. The physical map-
ping (FISH) carried out during our tests was a fundamen-
tal tool to unveil some errors in the UMD3.1.1 bovine 
assembly which has often been used as a basis for produc-
ing tools dedicated to genetic analysis. In particular, this 
approach allowed us to detect assembly discrepancies in 
the following chromosomes: BTA16, BTA22, BTA21, 
CHI27, OAR26, BTA26, CHI1, OAR10, and CHI12. Our 
work once again underlines how FISH technology can be 
of great assistance in genomic analysis at a time when se-
quencing seems to be the ultimate type of analysis.
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