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With innovations in sequencing technology and the progress of high-performance computing systems, it is now
relatively straightforward to sequence and assemble complex genomes. Many genomes from multiple cotton
species have been released in recent years, with the highly homozygous standard genetic lines of two cultivated
allotetraploid cottons, ie., Gossypium hirsutum TM-1 and G. barbadense 3-79, assembled multiple times by
different research groups using diverse sequencing technologies. The assembly quality among these genomes is
variable, even between multiple accessions or versions of the same species, which can generate both confusion in
choosing the appropriate genome for genetic analysis and obstacles when comparing results among the different
reference genomes. Accordingly, an assessment of the many cotton genome sequences is necessary to facilitate
both choice of genome sequence and comparisons between different versions or species. Here we comprehen-
sively assess and compare genome assembly accuracy, completeness, and contiguity for nine G. hirsutum as-
semblies and four G. barbadense assemblies using multiple analysis strategies with the same criteria. We identify
centromeric regions and several large-scale inversions among genomes from the same accession, indicating
structural errors introduced during sequence ordering and orientation in G. hirsutum and G. barbadense genome
assembly. Gene relationships between annotations from multiple genomes are defined within and across species,
and the results are available at the Cotton Paralogs Groups Search website (https://ihope.shinyapps.io/cotton-
Paralogs/), a convenient resource for converting gene ids and comparing annotations between different genome
versions. This study comprehensively assesses and compares assembly quality among multiple versions of the
two cultivated tetraploid cotton species with different assembly strategies, illustrating the challenges of
sequencing and assembling complex genomes and providing a resource for cotton genomics.

1. Introduction

Cotton (Gossypium L.) is a globally important fiber and oil seed crop,
and as such, it has been the subject of considerable scientific interest
(Wendel and Grover, 2015). The process of cotton fiber initiation and
elongation represents one of the best models for deciphering mecha-
nisms of single-cell differentiation and growth (Wang et al., 2020). In
addition, tetraploid cotton is an attractive model for studying the origin,

evolution and domestication of polyploid species (Hu et al., 2019).
While the cotton genus is best known for its crop species, it exhibits
extraordinary diversification among the approximately 45 diploid spe-
cies comprising the eight diploid genome groups (designated A-G, and
K) and 7 allotetraploid species (AD) (Endrizzi et al., 1985; Gallagher
etal., 2017; Grover et al., 2015). Allotetraploid cotton originated from a
hybridization and chromosome doubling event approximately 1-2
million years ago (mya), that occurred in the New World and involved
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an African A genome-like species and a native D genome-like species
(Wendel, 1989). Notably, four cotton species were independently
domesticated in diverse geographic regions, including two A-genome
diploid cotton species (G. herbaceum and G. arboreum) on the Indian
subcontinent and two allotetraploid cotton species (G. hirsutum and
G. barbadense) in Central and northern South America, respectively.
While all four species are still grown, the high-yielding crop species
G. hirsutum has been adapted for and adopted in most growing regions
that traditionally cultivated diploid cotton, while the
moderately-producing G. barbadense is grown at a lower market share
for its superior fiber quality that confers a competitive advantage to
specialty cotton textiles.

Decoding cotton genomics is the foundation for deciphering cotton
evolution, detecting agronomic traits, understanding gene function, and
improving cotton breeding, among other things. The polyploid nature of
the dominant cultivated species, however, makes genome assembly
challenging. To overcome the technical obstacles associated with poly-
ploidy, a coalition of cotton genome scientists previously developed a
strategy for sequencing cotton genomes, targeted toward expand op-
portunities for cotton research and improvement worldwide (Chen et al.,
2007). This strategy involved first sequencing the two model diploid
progenitors of allopolyploid cotton to establish a foundation for
sequencing the cultivated polyploid species. G. raimondii, the closest
living relative to the paternal ancestor of the allopolyploid D sub-
genome, was targeted first, both due to its relationship to the cultivated
allotetraploids and its small genome size (880 Mb; (Hendrix and Stew-
art, 2005)), thereby providing fundamental information regarding gene
content and organization. An initial sequencing effort was completed
using whole-genome shotgun (WGS) sequencing in 2012, producing
775.2 Mb in scaffolded sequence, of which approximately 73.2 % was
anchored and only 52.4 % was both anchored and oriented (Wang et al.,
2012a). This was shortly followed by a separately generated “gold--
standard” G. raimondii assembly that integrated ABI 3730XL capillary,
Roche 454 XLR, and Illumina GAIIx-derived sequencing (Paterson et al.,
2012). Subsequently, de novo genome sequences of additional D-genome
diploid cotton species have been assembled using long-read sequencing
technologies, including a third, independently generated version of the
G. raimondii genome, which found structural errors in the “gold stan-
dard” version (Udall et al., 2019; Wang et al., 2021). Shortly after the
release of the initial G. raimondii genomes, a draft genome from the
model maternal allopolyploid progenitor, G. arboreum, was released (Li
et al., 2014), which was later supplemented by three additional inde-
pendent assemblies (Du et al., 2018; Huang et al., 2020; Wang et al.,
2021). The sister species to G. arboreum (and equivalent model maternal
progenitor), i.e., G. herbaceum, was later sequenced by two different
groups (Huang et al., 2020; Ramaraj et al., 2022), bringing the total
number of genome sequences for the allopolyploid progenitors up to
seven. As with G. raimondii, later sequencing efforts leveraged long-read
sequencing technologies, leading to improvements in genome contigu-
ity; however, differences still remain among similarly generated se-
quences from the same species. While not the focus of the present paper,
the cotton genus as a whole has recently experienced a flurry of
long-read based genome assemblies from diploids of increasing phylo-
genetic distance from the two model diploid progenitors (Cai et al.,
2020; Grover et al., 2020, 2021a, 2021b; Perkin et al., 2021; Sheng et al.,
2022; Udall et al., 2019; Xu et al., 2022), further increasing genome
availability.

Shortly after the initial diploid genome sequences were generated,
attention turned to tackling the complex genomes of the highly valuable
tetraploid cultivated species. As with the diploids, multiple accessions
from both G. hirsutum and G. barbadense were independently sequenced
numerous times, first relying primarily on Illumina sequencing but later
transitioning to long-read sequencing, leading to the high-quality
tetraploid genomes available today. The genetic standard G. hirsutum
accession TM-1 has been sequenced eight times (Chen et al., 2020; Hu
et al., 2019; Huang et al., 2020; Li et al., 2015; Saski et al., 2017; Wang
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et al.,, 2019; Yang et al.,, 2019b; Zhang et al., 2015), while the
G. barbadense accession ‘3-79' has been sequenced thrice (Chen et al.,
2020; Wang et al., 2019; Yuan et al., 2015). Additional polyploid ge-
nomes are also available for the G. hirsutum cv. ZM24 (Yang et al.,
2019b), cv. XLZ7 (He et al., 2021), cv. Bar32-30 (Perkin et al., 2021),
cv. Barbren-713(Perkin et al., 2021) and cv. NDMS8 (Ma et al., 2021); for
G. barbadense cv. Xinhai21 (Liu et al., 2015), cv. Hai7124 (Hu et al.,
2019), and cv. Pima90 (Ma et al., 2021); for five wild tetraploid species,
G. tomentosum [(AD)s], G. mustelinum [(AD)4], G. darwinii [(AD)s],
G. ekmanianum [(AD)g] and G. stephensii [(AD)7]; and for the relatively
unimproved G. hirsutum race punctatum (Chen et al., 2020; Peng et al.,
2022).

Previous studies on cotton assembly quality assessment mainly
focused on the general assembly statistics and broad collinearity (via
dotplots or similar), but without uniform criteria across studies. Because
the assembly quality of a reference genome could impact the accuracy of
the genetic and/or comparative analyses based upon it, it is critical to
choose the highest quality reference genome for a given application.
With more than eight G. hirsutum TM-1 and three G. barbadense 3-79
assemblies available, a comprehensive, multidimensional comparison
becomes paramount in choosing the appropriate version, and under-
standing the differences among assemblies becomes an important factor
in comparing observations among studies both present and future.

This study aims to present a detailed comparison of the assemblies
available for the two cultivated allotetraploid cotton genomes with
multiple sequences available for a single accession, i.e., G. hirsutum TM-1
and G. barbadense 3-79. This research presents a comprehensive eval-
uation of assembly contiguity, accuracy, and completeness from each of
these genomes, identifies the centromeric regions using CenH3 ChIP-seq
data, and establishes synteny and gene orthology relationships between
different versions. Our assessment suggests that the quality of genomes
assembled with PacBio long reads are much better than those assembled
from Illumina short reads. For the PacBio-based assemblies, the quality
of TM1_CRI_v1 and 3-79_HAU_v2 is a little higher than other G. hirsutum
TM-1 and G. barbadense 3-79 assemblies, respectively.

2. Materials and methods
2.1. Data collection

Genome sequences and annotations for the two cultivated tetraploid
species, G. hirsutum TM-1 and G. barbadense 3-79 (with the exception of
3-79_UTX v1.1), and their model diploid ancestors (maternal:
G. arboreum or G. herbaceum; paternal: G. raimondii) were downloaded
from the publicly available database CottonGen (Yu et al., 2021). The
3-79_UTX v1.1 genome (Chen et al., 2020) was downloaded from NCBI
(GCA_008761655.1). Eight G. hirsutum TM-1 assemblies are available,
including TM1_BGI_v1 (Li et al., 2015), TM1_NBI v1.1 (Zhang et al.,
2015), TM1_JGI_v1.1 (Saski et al., 2017), TM1_HAU_vl (Wang et al.,
2019), TM1_ZJU_v2.1 (Hu et al., 2019), TM1_CRLv1 (Yang et al.,
2019b), TM1_UTX_v2.1 (Chen et al., 2020), TM1_WHU_v1 (Huang et al.,
2020). The G. barbadense assemblies analyzed here were 3-79_HAU_v1
(Yuan et al, 2015), 3-79 HAUv2 (Wang et al, 2019), and
3-79_UTX v1.1 (Chen et al., 2020). Two assemblies ZM24_CRI_v1 (Yang
etal., 2019b) and Hai7124_ZJU v1.1 (Hu et al., 2019) are also available.
Additionally, genome sequences for the model diploid progenitors were
downloaded, which include Mutema_A1_ WHU_v1 (Huang et al., 2020),
SXY1_WHU_v1 (Huang et al., 2020), and D5_NSF_v1 (Udall et al., 2019).

2.2. BAC sequence alignment

We downloaded 193 BAC sequences that are reportedly from
G. hirsutum in NCBI (Guo et al., 2008; Hu et al., 2019; Wang et al., 2019;
Yang et al., 2019a). These BAC sequences were aligned to the nine
G. hirsutum genomes by MUMmer v3.23 (Delcher et al., 2003) using the
following procedure. First, all 193 sequences were aligned to genome
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using the nucmer utility with the parameter “-mum’. Then, to filter
mapping noise and determine the one-to-one alignment blocks, the
parameter with *— 1 -i 90 -1 1000" was used, resulting in 164 BACs
retained. Finally, coordinates of each BAC sequence on the chromo-
somes was recovered using show-coords parameter “-rcl -TH'.

2.3. BUSCO evaluation

The assembly completeness of G. hirsutum and G. barbadense with
respect to gene content was evaluated using BUSCO v4.0.4 [27] with the
“embryophyte_odb10” dataset under default parameters. A total of 1614
highly conserved genes were used to search the genome assembly, the
annotated proteins, and the transcriptome. We also evaluated the
genome, transcriptome, and protein completeness of the three putative
diploid ancestor genomes using the same BUSCO-based method.

2.4. EST and GSS sequences alignment

Expressed sequence tags (ESTs) and genome survey sequences (GSS),
representing the expressed and genomic portions of the genome
respectively, were downloaded from NCBI for each species. All se-
quences were filtered for vector contamination using vec-
screen_plus_taxonomy v2.0.0 (Schaffer et al., 2017) with default
parameters. Subsequently, sequence redundancy was reduced by
CD-HIT v4.8.1 (Li and Godzik, 2006) with parameters “-c 0.95. This
processing resulted in 132,995 G. hirsutum ESTs (average length = 733
bp); 16,886 G. barbadense ESTs (average length = 675 bp); and 180,521
G. hirsutum GSSs (average length = 639 bp). These sequences were
aligned to their corresponding genome sequences using BLAT (Kent,
2002) with default parameters. A strict cutoff of 90 % coverage and 90 %
identity was set for the GSS sequences, and a relatively loose cutoff of 50
% coverage and 90 % identity was set for the EST sequences.

2.5. PacBio transcriptome reads mapping

G. hirsutum and G. barbadense full-length RNA-seq sequenced via
PacBio technology was downloaded from NCBI (BioProject:
PRJNA433615, PRINA493958, PRIJNA503814, PRJNAS503326 and
PRJINA359724). Then, reads with more than 100 bp were mapped to
their genome assemblies using minimap2 v2.17 (Li, 2018) with pa-
rameters “-ax splicechq”. Subsequently, the mapping ratio for each
genome was calculated using the stats utility from SAMtools v1.9 (Li
et al., 2009) with default parameters.

2.6. Assessment of the assembly contiguity with LAI

LTR-RT candidates were obtained using (1) LTRharvest v1.6.1
(Ellinghaus et al., 2008) with parameters ‘-minlenltr 100 -maxlenltr
7000 -mintsd 4 -maxtsd 6 -motif TGCA -motifmis 1 -similar 85 -vic 10
-seed 20 -seqids yes’ and (2) LTR_FINDER parallel v1.1 (Ou and Jiang,
2019) with parameters ‘-harvest_out -size 1000000 -time 300’. After
identifying LTR-RTs and generating high-quality LTR libraries with
LTR retriever v2.9.0 (Ou and Jiang, 2018), the LTR Assembly Index
(LAI) for each assembly was calculated with default parameters (Ou
et al., 2018).

2.7. Identification of the centromeric regions by CenH3 ChIP

ChIP-seq data were downloaded from NCBI (PRJNA488416). After
filtering low-quality reads using Trimmomatic v0.43 (Bolger et al.,
2014) with the parameters ‘LEADING:10 SLIDINGWINDOW:4:15 MIN-
LEN:50’, FastUniq (Xu et al., 2012) was used to remove duplicated read
pairs under default parameters. High-quality [llumina reads were map-
ped to their genome assemblies with Bowtie2 v2.3.2 (Langmead and
Salzberg, 2012) and the parameter *-N 1°, and the output was converted
to sorted Binary Alignment Map (BAM) using SAMtools v1.9 (Li et al.,
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2009). Only high-quality mapping reads (-F 4 -q 30) were kept for the
further analysis. The number of mapped reads was counted for each 10
kb non-overlapping window. The read density was calculated by
dividing the total number of mapped reads by the total number of
mapped nucleotides in each genomic window. In order to remove the
impact of non-specific binding by rabbit serum, the read density was
adjusted for background signal by using a mock control data. CenH3
domains were identified via SICER2 with * -g 400 —significant_reads
(Zang et al., 2009). The CenH3 domains were defined as those where the
fold-change/control was > 5 and the false-discovery rate (FDR) was <
0.01, using 200-bp windows and allowing gaps of 400 bp.

2.8. Synteny block identification

Syntenic blocks were identified by whole genome alignment with
MUMmer v3.2.3 (Delcher et al., 2003). Alignment of the genomes was
performed using the nucmer utility under the parameters *-mum’, and
then the alignment block was filtered using delta-filter with one-to-one
alignment mode. Alignment coordinates were obtained with
show-coords. Rearrangements and local sequence differences between
the genome from the same species were identified via SyRI v1.6 (Goel
et al., 2019). Then JCVI (https://github.com/jcvi) and dotPlotly
(https://github.com/tpoorten/dotPlotly) were used to visualize the
alignment results.

2.9. One-to-one gene relationship identified

In order to identify syntenic genes, protein sequences were compared
by all-versus-all BLASTP v2.10.0 with the parameters “-evalue 10e-5
-outfmt 6 -num_alignments 15" (Schaffer et al., 2001). Then, the puta-
tively homologous genes identified by BLASTP were analyzed for syn-
teny by the MCScanX package using default settings (Wang et al.,
2012b). Syntenic blocks were defined as those with at least five syntenic
genes.

2.10. Hi-C sequence data processing and visualization

The Hi-C sequences for TM1_UTX v2.1 and 3-79_UTX_v1.1 are un-
available, the Hi-C sequences for the G. hirsutum TM1 (Huang et al.,
2020), G. barbadense 3-79 (Wang et al., 2018) and G. barbadense
Hai7124 (Hu et al.,, 2019) were download from NCBI (BioProject:
PRJNA524970 for TM1, PRJINA396502 for 3-79, for PRINA505106 for
Hai7124). The HiC-Pro pipeline (v2.11.14) was used to generate chro-
matin interaction matrices (Servant et al., 2015). Briefly, Hi-C reads
were filtered by Trimmomatic v0.43 (Bolger et al., 2014) and then
mapped to the corresponding assemblies using bowtie2 (Langmead and
Salzberg, 2012). An iterative correction and eigenvector decomposition
(ICE) method was used to normalize the Hi-C contact matrices.
Normalized contact matrices were visualized with juicebox (Durand
et al., 2016).

3. Results and discussion
3.1. Basic assembly quality information statistics

A total of thirteen assembles from two cultivated tetraploid cotton
genomes were collected, including nine G. hirsutum assemblies and four
G. barbadense (Table 1). Three of these assemblies were generated using
Ilumina short-read sequence technology, including TM1_BGI vl,
TM1_NBLvl.1 and 3-79_HAU_v1, while two were generated using the
10X Genomics technology to link newly generated Illumina short-read
based assemblies (TM1_ZJU_v2.1 and Hai7124_ZJU_v1.1). The remain-
ing eight assemblies (TM1_JGIvl1.1, TM1 HAU_vl, TM1_CRI vl,
ZM24 CRI_vl, TM1_UTXv2.1, TM1 _WHU.v1l, 3-79 HAU.v2, and
3-79_UTX v1.1) were sequenced by PacBio long-read technology. Some
of these were anchored and oriented by combining Hi-C and BioNano
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Table 1

Basic genome quality information of two cultivated tetraploid cottons.

3-79_UTX

Hai7124 ZJU

3-79_HAU

3-79_HAU

TM1_WHU

TM1_UTX
v2.1

ZM24_CRI

TM1_CRI

TM1_ZJU
v2.1

TM1_HAU

TM1_JGI
vl.l

vl.l

TM1_NBI

TM1_BGI

Version

v2.1

vl.l

v2

vl

vl

vl

vl

vl

vl

Pacbio+Hi-C

10X

Pacbio+Hi- Pacbio+Hi-C ~ Pacbio+Hi- Illumina Pacbio+Hi-

Pacbio+Hi-

C

10X

Pacbio+Hi-

Ilumina Pacbio

Illumina

Sequencing

Genomic+Hi-C
+Bionano

Genomic+ Hi-

C

Technology

+Bionano

+Bionano

+Bionano
2298

2196

2309 2305 2290 2573 2267 2227

2289

2546 2342 2347

2151

Total assembled size

(Mb)
Anchored and

2070

2184

2133

1997

2271

2282

2150

2241

2227

2233

2171

1935

1792

oriented size (Mb)
Percentage of ordered

94.26

96.91 97.90 93.11 99.00 99.17 77.61 94.09 98.07

95.14

76.00 92.70

83.31

and oriented (%)
Gap length (Mb)
Contigs Number

34

44

335

<1

<1

<1

31

65

82

383

4767

75,898
1536
78

4943

285,315
252
25

1235

6733
9045
784
789

3717

1283

51,762
2103
113

4791

13,583

4956
389

444,325
951
32

42,057
1062
78

10,615
1770
360

19,605
2152
270

27,970

5021
128

14,261
1976
4807

23,174

4761
141

25,006
1892

280

Largest contig (kb)
Contigs N50 (kb)

Contigs L50

6855

25,469
17,460
66.7
15

4807

1514
5355
90
11

19,084

7897
9154
66
12

2048
93.8
30

11,350
101.6
10

3032

1025
108
10

12,098

108
10

2190

98
11

288299

66
15

Scaffolds Number

92.9
11

Scaffolds N50 (Mb)

Scaffolds L50

34.12

33.86 34.20 34.29

34.37

34.36

34.41

34.38

34.11 34.23 34.37 34.72

34.45

GC contents (%)
Annotation Gene

Number

74,561

70,478 87,800 70,199 72,761 73,624 73,707 74,376 74,350 80,876 71,297 75,071

76,943

98.64
13.36

99.19 99.13 99.26 82.28 99.13 99.19
14.8

99.26
14.63

98.95 99.19 98.88 99.19

97.34
5.45

BUSCOs (%)

LAL

11.96 10.53

3.75

12.96

14.59

11.16 12.75 10.52

6.23
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optical physical mapping (ie., TM1 HAUv1, 3-79_HAU.v2,
TM1_ZJU v2.1 and Hai7124_7ZJU_v1.1; Table 1) and most of the
remainder were anchored using Hi-C alone (ZM24_CRI_v1l, TM1_CRI_v1,
TM1_UTX v2.1, TM1_WHU_v1, 3-79_UTX v1.1).

Basic summary statistics were calculated using in-house Perl scripts
(qymeng1996/Script: Bioinfomation Script (github.com)). The total
assembled length (with gaps) range from 2.15 Gb to 2.57 Gb, similar to
the 2.4-2.5 Gb genome sizes for G. hirsutum and G. barbadense (Table 1)
(Hendrix and Stewart, 2005). Completeness of the genome assemblies
was reflected in their anchored and oriented sizes and gap lengths. In the
three purely Illumina-based short-read assemblies, fewer than 85 % of
scaffolds could be assigned to 26 pseudo-chromosomes (i.e.,
TM1_BGI_v1l, TM1_NBI_v1 and 3-79_HAU_v1) and there were numerous
gaps (e.g., 383 Mb gaps in TM1_NBI_v1.1; Table 1). In contrast, most of
the assemblies generated using long read sequencing technologies could
be anchored and oriented to place more than 94 % of scaffolds onto 26
pseudo-chromosomes while also containing fewer/shorter gaps (i.e., gap
length <1 Mb in several of these genomes; Table 1).

Contiguity of each genome sequence was assessed using both the
Contig N50 and Contig L50, where the Contig N50 represents the length
of the smallest size-ordered contig that brings the sum of the contigs to
> 50 % of the total genome assembly size and Contig L50 represents the
number of that of contig (size-ordered) that brings the summed length of
contigs > 50 % of the genome size. The three Illumina-only assemblies
exhibited the lowest Contig N50 values, while the two assemblies
(TM1_ZJU_v2.1 and Hai7124_ZJU_v1.1) that used 10x Genomics in
combination with Hi-C and BioNano have a slightly improvement of the
N50 value. As expected, the genomes generated using long-read tech-
nologies exhibited higher Contig N50 values than other genome as-
semblies (Table 1 and Fig. 1). By definition, these assemblies with higher
Contig N50 values also exhibited lower Contig L50 scores, indicating
that fewer contigs were required to represent over half the genome. This
suggests that while the two 10x Genomics assemblies (TM1_ZJU_v2.1
and Hai7124_ZJU_v1.1) have a slight improvement in sequence conti-
guity over the three Illumina-only assemblies, the genomes assembled
from long reads experienced significantly improved assembly contigu-
ity. The difference is most stark when comparing the three Illumina-only
assemblies with the long-read based assembly with the highest contig
N50 (i.e., TM1_WHU_v1), whose largest contig is approximately 200x
longer than the Illumina-only assemblies (5021 Kb versus 25-78 Kb). We
also calculated the NG(x) and LG(x) trends for each genome, which is
generally congruent with the results revealed by N50 and L50 (Fig. S1).
Of the genomes analyzed, two G. hirsutum assemblies (i.e., TM1_WHU_v1
and TM1_CRI_v1) and two G. barbadense assemblies (i.e., 3-79_ HAU_v2
and 3-79_UTX v1.1) exhibit better sequence contiguity than the other
assemblies.

3.2. Genome assembly accuracy assessment

A total of 193 G. hirsutum BAC sequences with an average insert size
of 105 kb ranging from 36 to 248 kb were downloaded and aligned to
the nine G. hirsutum genome sequences to assess assembly accuracy. Of
these, only 164 BAC sequences passed our filter parameters (see Mate-
rials and Methods), with the remaining 29 BAC sequences identified as
contaminants originating from either maize or bacterial genomes
(Table S2 and Table S3). From the 164 remaining, three BAC sequences
exhibited < 10 % coverage match to any of the genome sequences and
were therefore discarded, resulting in 161 BAC sequences that remained
for further analysis (Table S1). As expected, the five PacBio-based
G. hirsutum genome assemblies with greatest contiguity (ie.,
TM1_HAUvl, TMI1 CRLvl, ZM24CRLvl, TM1UTXvl and
TM1_WHU_v1) also exhibited the best alignments with these BAC se-
quences, averaging 80.7 % of the BAC sequences aligning to the genome
(Fig. 2 and Table S1). Additionally, the two G. hirsutum assemblies (i.e.,
TM1_NBIv1.1 and TM1_BGI vl) comprised solely of short Illumina
reads exhibited the lowest coverage scores (Fig. 2 and Table S1). The
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Fig. 1. Contigs L50 and Contigs N50 for the two cultivated tetraploid cotton species genomes, G. hirsutum and G. barbadense.
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Fig. 2. The Coverage (left) and Identity (right) of G. hirsutum BAC sequences align to their genomes with MUMmer (Duncan’s test).

trend in alignment scores of these BAC sequences to each genome was
similar to the trend in coverage, indicating a general improvement of
accuracy and placement when PacBio was used in conjunction with
scaffolding technologies such as BioNano and/or Hi-C (designated as
PacBio+ hereafter).

We also aligned 180,521 non-redundant G. hirsutum genome survey
sequences (GSS) to the nine G. hirsutum assemblies, with more than 92.0
% of GSS sequences (>500 bp) successfully aligning to each reference
genome (Table S4). Notably, the difference among genome versions is
minor, with 92.0 % and 93.4 % of GSS sequences aligning to
TM1_BGIL_v1 and TM1_ZJU_v2.1, respectively, and 94.0-95.2 % aligning
to the remaining genomes.

3.3. Genome assembly completeness assessment

BUSCO is a widely used software for quantitative assessment of
completeness for both genome assembly and annotation based on
evolutionarily-informed expectations of gene content. More than 97.3 %
complete BUSCOs were identified in both the G. hirsutum and
G. barbadense assemblies (Fig. 3A), with the exception of G. barbadense
3-79_HAU_v1, which had 15.4 % missing and 2.3 % fragmented BUS-
COs, indicating a potential lack of completeness in the gene space. We
found the percentage of duplicated BUSCOs ranged between 64.9 %
(TM1_BGI_v1) and 94.6 % (3-79_UTX_v1.1), likely due to the absence of
general gene loss post polyploidization (Liu et al., 2001; Zhang et al.,
2015) leading to the retention of duplicate BUSCOs derived from each
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Fig. 3. Genome assembly completement assessment. A BUSCO evaluate the genomes of two tetraploid cotton species. B The percentage of G. hirsutum PacBio
transcriptome data uniquely mapped to their genomes. C The percentage of G. barbadense PacBio transcriptome data uniquely mapped to their genomes.

parent. Therefore, the genomes with a higher proportion of duplicated
BUSCOs in these tetraploid cotton genomes are likely more complete. By
contrast, more than 94.2 % of complete BUSCOs and 89.2 % of
single-copy BUSCOs were identified in the three genome assemblies of
the model diploid ancestors of cotton, respectively (Fig. S2C). For
transcripts and proteins, we found a similar number of complete BUSCOs
in most G. hirsutum and G. barbadense annotations, with the exception of
G. barbadense 3-79_HAU_v1, which had far more complete BUSCOs in
the transcripts and proteins than in the genome sequence (Fig. S2A and
Fig. S2B). Interestingly, the proportion of complete BUSCOs for the both
transcriptome and protein predictions was slightly lower than the pro-
portion of BUSCOs recovered from the genome in the diploid genome

assemblies (Fig. S2D and Fig. S2E).

The PacBio full-length transcriptomes of G. hirsutum and
G. barbadense were mapped to their genome assemblies to evaluate the
gene annotation. The mapping ratio for the PacBio full-length tran-
scriptome in G. hirsutum was similar among genomes, ranging from 77.0
% for TM1_BGI_v1 to 80.7 % for TM1_HAU_v1 (Fig. 3B and Table S5).
The mapping ratio for the PacBio full-length transcriptome to the three
G. barbadense assemblies (3-79_HAU_v2, Hai7124 ZJU v1l.1 and
3-79.UTX vl.1) were also similar, ranging from 80.5 %
(3-79_UTX v1.1) to 81.1 % (Hai7124_7ZJU_v1.1, Fig. 3C and Table S6).
In both cases, this indicates similar completeness of the gene space.

Expressed sequence tags (ESTs) are single-pass Sanger sequencing
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reads of approximately 200-800 base pairs (bp) generated from
randomly selected cDNA clones, which could provide additional support
for confirming the presence of a gene and aid in inferring exon-intron
boundaries (Parkinson and Blaxter, 2009). We used available EST se-
quences to assess genome quality, retaining only ESTs with over 50 %
gene-length coverage and over 90 % alignment identity (Tables S7-S8).
More than 93.4 % of G. hirsutum EST sequences (>500 bp) successfully
aligned to each G. hirsutum genome, with the exception of TM1_BGI_v1,
for which only 92.0 % EST sequences could be aligned. More than 97.4
% of G. barbadense EST sequences (>500 bp) successfully aligned to each
G. barbadense genome, with the exception of 3-79_HAU_v1, for which
only 83.1 % EST sequences could be aligned.

3.4. Genome LTR Assembly Index assessment

LTR Assembly Index (LAI) is a reference-free method to assess as-
sembly continuity by evaluating the completeness of a LTR-
retrotransposon assembly within a genome (Ou et al., 2018). If the
LAI score ranges from 0 to 10, genome sequences are considered as
“draft genomes”, but if the range is 10-20, it is considered “reference”
grade, and if greater than 20, the genome is considered to be a “Gold”
standard. The three Illumina-based short read assemblies had LAI scores
less than 10, whereas the LAI scores for the remaining assemblies were
greater than 10. The two 10X Genomics (TM1_ZJU_v2.1 and
Hai7124_7ZJU_v1.1) had higher LAI scores, but not as high as the PacBio
assemblies (Fig. 4). In particular, the two G. hirsutum assemblies
(TM1_WHU_v1 and TM1_CRI_v1) and the two G. barbadense assemblies
(8-79_UTX v1.1 and 3-79_HAU_v2) had the highest LAI scores. To
visualize the local assembly quality of each assembly, a 3MB-sliding
window with a 300-Kb step found that euchromatin regions had
higher LAI scores than heterochromatic regions (Figs. S3-54). Most of
regional LAI score for PacBio+ assemblies were larger than 10, and,
interestingly, the LAI score for the transposable element enriched
A-subgenome (At) is greater than the LAI score for the more compact
D-subgenome (Figs. S3-54).

3.5. Identification of centromeric regions

Centromeric regions are challenging to assemble for de novo genome
sequences because as they primarily are composed of highly repeated
retrotransposon-like and satellite sequences (Han et al., 2016).
Genome-wide characterization of DNA sequences associated with
CenH3 nucleosomes in G. hirsutum and G. barbadense (with data such as
ChIP-seq) facilitate identification of centromeres in tetraploid cotton.
The centromeric regions in G. hirsutum TM1_ZJU_v2.1 and G. barbadense
Hai7124_ZJU_v1.1 were similar to those previously identified (Hu et al.,
2019) (Tables S9 and S10), being present on 24 and all 26 chromosomes,
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Fig. 4. Genome assembly contiguity assessment. LAI score of G. hirsutum (red)
and G. barbadense (green), a reference level cutoff (LAI = 10) shows by the
black horizon line.
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respectively. In the Illumina-based short-read assemblies, most pseu-
do-chromosomes are missing centromeric regions, as evidenced by the
lack of ChIP-seq alignment (Table 2). In most of 10x Genomics and
PacBio-based assemblies, the contiguity and completeness of repetitive
sequences were allowable to identify the centromeric regions by
ChlIP-seq, with the exception of TM1_JGI_v1.1 (PacBio only). Identified
centromeric regions in the remaining G. hirsutum assemblies occupied
14-25 of the total chromosomes (between 9.40 and 25.41 MB, Table 2),
with an average length of 0.94 Mb (Table 2). The centromeric average
length of ZM24_CRI_v1 was shortest of all PacBio+ G. hirsutum assem-
blies, while the TM1_HAU_vl and TM1_ZJU v2.1 (PacBio+ and 10x
Genomics, respectively) both had centromeric regions longer than 1 Mb.
At the chromosome level, the DO8 centromere could not be identified in
any of G. hirsutum assemblies, which may be due to G. hirsutum D08
containing longer repetitive sequences or the inability of the ChIP-seq to
capture the CenH3-bound DNA on this chromosome (Table S9). Similar
to the Illumina-based G. hirsutum assemblies, the Illumina-based
G. barbadense assembly (3-79_HAU_v1) quality was lower in
repetitive-DNA-rich centromeric regions than other G. barbadense as-
semblies. The three other G. barbadense assemblies had identifiable
centromeric regions on 21-26 chromosomes, with a total length from
25.02 to 36.57 Mb (Table 2 and Table S10). Only G. barbadense
Hai7124_ZJU_v1.1 had identifiable centromeric regions from in all 26
assembled chromosomes.

3.6. Comparisons of collinearity and gene content within and between the
various assemblies of G. hirsutum and G. barbadense

Structural comparisons among the high-quality G. hirsutum and
G. barbadense assemblies can reveal large-scale assembly errors that are
not otherwise captured by the preceding analyses. Using whole-genome
alignment and focusing on broad-scale synteny, 63 non-redundant in-
versions and translocations longer than 1 Mb were identified the five
TM-1 assemblies (Fig. 5 and Figs. S5-S8). Interestingly, the number of
putative rearranged sequences in the A-subgenome (35) was slightly
higher than that in the D-subgenome (28) (Table S11), perhaps due to
the more repetitive nature of the A-subgenome. Because these differ-
ences may reflect segregating polymorphism or technical artifacts, Hi-C
heatmaps of TM1 were constructed using existing Hi-C libraries (Huang
et al., 2020), which indicated that the large inversions and trans-
locations among the five TM-1 assemblies were likely due to scaffolds
being placed in opposite directions in one of the assemblies (Table S11).
We found that two genomes (TM1_UTX v2.1 and TM1_WHU_vl)
exhibited 20 and 22 incorrect inversions (i.e., artifacts), respectively,
which was several folds greater than those detected in the three other
genomes (TM1_HAU_v1, 6 inversions; TM1_CRI_v1, 2 inversions; and
TM1_ZJU_v2.1, 7 inversions). In addition to these inversions, 16 trans-
location assembly artifacts were identified in the TM1_WHU_v1
(Table S11). Overall, three TM-1 genomes, ie, TM1_HAUvl,
TM1_CRI_vl, and TM1_ZJU_v2.1, had the highest levels of sequence
synteny inter se and the fewest detected assembly artifacts. Interestingly,

Table 2
Centromeric regions identified by ChIP-seq data.

Version Centromeric Total length Average Length
regions (MB) (MB)
TM1_HAU_v1 18 19.40 1.08
TM1_ZJU v2.1 24 25.41 1.06
TM1_CRI_vl 25 24.64 0.99
ZM24_CRIv1 14 9.40 0.67
TM1_UTX v2.1 25 21.48 0.86
TM1_WHU_v1 24 21.92 0.91
3-79_HAU_v1 5 2.71 0.54
3-79_HAU_v2 21 25.34 1.21
Hai7124 ZJUv1.1 26 36.57 1.41
3-79_UTX v1.1 25 25.02 1.00
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Fig. 5. Genome alignment among five TM-1 reference genomes, the red lines show the rearrangement sequences larger than 5 Mb.

a large inversion on A06 was shared between TM1_UTX v2.1 and
TM1_WHU_v1, despite the Hi-C heatmaps concluding that this inversion
is likely artifactually induced during scaffold placement. Similarly, the
Hi-C heatmaps also suggest that the larger inversions on A02, A09, and
D12 are artifacts of assembly in TM1_UTX v2.1 or/and TM1_WHU_v1
(Fig. S9).

Syntenic analyses between three G. barbadense assemblies, ie.,
3-79_HAU_ v2, 3-79_ UTX v1.1 and Hai7124_ZJU_v1.1, were also per-
formed via whole-genome alignment (Fig. 6, Figs. S10-S11). These found
36 non-redundant inversions and translocations sequences longer than
1 Mb among the three G. barbadense assemblies, most of which were due
to incorrect orientation during scaffold placement (Table S12). The
number of incorrectly oriented scaffolds varied among the genomes,
from only three inversion errors in 3-79_HAU_v2 to 14 and 16 errors in
3-79_UTX v1.1 and Hai7124_ZJU_v1.1, respectively. Notably, there are
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379 HAU v2

|

3-79 UTX_vl.1 '

Hai7124_ZJU_v1.1 |

10 large-size, verified inversions between 3 and 79 HAU_v2 and
Hai7124_7ZJU_v1.1 (e.g., those found on A09, D12), which may be due to
biological differences between the sequenced accessions (Fig. S12).
With respect to gene content in each assembly, the number of an-
notated genes ranged from 70,199 and 87,800 among all of the assem-
blies studied here, with an average of 75,080. This wide range in
annotated gene numbers likely reflects differences in completeness of
the genome assemblies and/or differences in annotation pipelines (e.g,
software, parameters, etc.). To create a cotton-genomics research tool,
we conducted genic comparisons between and among the G. hirsutum
and G. barbadense assemblies to identify one-to-one relationships
(Tables S13-S15). For the generation of this resource, we selected the
genome assemblies TM1_HAU_v1 and 3-79_HAU_v2 as the index (ie.,
base reference) as they both were released earlier than other Pac-
bio+ assemblies and have been used extensively. We tabulated 60,850

7 8 9 10 11 12 13

Ar

| Dy

Fig. 6. Genome alignment among three G. barbadense genomes, the red lines show the rearrangement sequences larger than 5 Mb.
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one-to-one relationships between TM1 HAU vl and the other
G. hirsutum assemblies, and we present these as a side-by-side compar-
ison in Table S13. For G. barbadense, there were slightly fewer (59,318)
predicted one-to-one relationships between 3 and 79_HAU_v2 and the
other G. barbadense assemblies (Table S14). Additionally, we also con-
structed an inter-species, one-to-one relationship map between
TM1_HAU_v1 and 3-79_HAU_v2 (Table S15), which may be used in
conjunction with the aforementioned G. hirsutum and G. barbadense gene
tables to facilitate gene ID conversions among all of the high-quality
domesticated polyploid genomes currently available. To provide a
convenient resource for converting gene IDs between different genome
versions, we constructed a webpage (https://ihope.shinyapps.io/cot-
tonParalogs/), which allows researchers to leverage previously reported
results (based on a separate genome assembly or species) in their
research.

3.7. Discussion

During the last twenty years, thousands of genomes for species from
non-vascular to flowering plants have been assembled. However, con-
structing complete genomes and building reference pan-genomes
remain important challenges in the plant genomics (Sun et al., 2022).
Comparisons among genome assemblies of the same species that were
sequenced and assembled using diverse strategies have the potential to
identify the best assembly and to help unify future genomics. Our study
moves toward this goal with appropriate comparative genomics ana-
lyses of multiple assemblies of the two most commercially important
cotton genomes. This work should serve as a foundation for the publi-
cation of future cotton genome sequences.

This comprehensive assessment found, unsurprisingly, that assem-
blies sequenced using PacBio long-read sequencing technology were
better than those using Illumina short-read sequencing technology and
10X Genomics linked technologies, in terms of sequence contiguity,
sequence accuracy, and completeness. Also unsurprisingly, LTR As-
sembly Index (LAI) scores indicate that assemblies based on PacBio long-
reads were better than those based on Illumina short-read sequencing
technology alone or even when scaffolded with 10X Genomics tech-
nology. The centromeric regions identified in these assemblies using
existing ChIP-seq data indicate that the two assemblies sequenced with
10X Genomics identified more chromosomes with centromeric regions
than did the assemblies based on PacBio long-reads.

Because scaffolding techniques are essential for building reference-
quality assemblies of complex genomes, several technologies have
been developed to facilitate accurate scaffolding, including high-
throughput chromosome conformation capture (Hi-C) and the Bio-
Nano optical mapping. These data can also be used to verify or refute the
structural differences that exist among genomes, including the large-
scale inversions detected among the five TM-1 assemblies and among
the three G. barbadense assemblies studied here. Here we used publicly
available G. hirsutum and G. barbadense Hi-C data to evaluate these large-
scale inversions for potential assembly artifacts. Although some of the
larger inversions (Fig. S9) were shared in the TM1_UTX v2.1 and
TM1_WHU_v1 genomes, these were contraindicated by the Hi-C, sug-
gesting that these inversions are due to the scaffolds being placed in
opposite directions in these assemblies rather than biological poly-
morphism. While most of the inversions among the G. barbadense ge-
nomes were not supported by the Hi-C data, several inversions between
G. barbadense 3-79 (Wang et al., 2018) and Hai7124 (Hu et al., 2019)
were supported, suggesting that these inversions reflect true differences
between the two G. barbadense accessions 3-79 and Hai7124 (Fig. S12).

The reference genome quality standard for the Vertebrate Genome
Project requires that all released genomes have: (1) an N50 size of at
least 1 Mb for contigs and 10 Mb for scaffolds, (2) a sequence error
frequency not higher than 1 in 10,000 bases, (3) structural variants that
are confirmed by multiple technologies, and (4) at least 90 % of the
sequence assigned to chromosomes (Editorial, 2018). In addition, the
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LTR Assembly Index (LAI) can be used to evaluate assembly continuity
using LTR-RTs, noting that genomes with LAI score from 10 to 20 are
considered high quality (Ou et al., 2018). Our comprehensive assess-
ment and comparative analysis showed that all tetraploid cotton
genome assemblies using long-read sequencing technologies met the
reference quality standard. In comparisons among the five high quality
TM-1 assemblies, we find that: (1) the BAC alignments indicate that
TM1_HAU_vl, TM1_CRIvl, TM1 UTX v2.1 and TM1_WHU_vl have
greater coverage and identity than others; (2) BUSCO evaluation in-
dicates general completeness; (3) the contig N50 scores for
TM1_WHU_v1, TM1_CRI_vl and TM1_HAU_v1 are greater than that for
TM1_ZJU v2.1 and TM1_UTX v2.1 (< 1Mb); (4) the LAI indicates
greater completeness in TM1_WHU_v1 and TM1_CRI_v1; (5) detectable
centromeric regions (via CenH3 ChIP-seq) are more frequent in
TM1_CRIvl and TM1_UTX v2.1; and (6) whole genome alignments
indicate multiple artifactual rearrangements in TM1_UTX v2.1 and
TM1_WHU_v1. Accordingly, while the five high-quality TM-1 genomes
are generally comparable in metrics, we find that TM1_CRI_v1 is more
structurally accurate, indicating that this genome should be preferred
when genomic structure is important to the analysis. Similar, for the
three G. barbadense 3-79 genomes, we find that: (1) BUSCO evaluation
indicates slightly more completeness in 3-79_HAU v2 than
3-79_UTX v1.1; (2) the contig N50 scores for 3-79_HAU_v2 are greater
than that for and 3-79_UTX vl.l; (3) the LAI indicates greater
completeness in 3-79_UTX v1.1 than 3-79_HAU_v2; (4) detectable
centromeric regions (via CenH3 ChIP-seq) are more frequent in
3-79_UTX v1.1 than 3-79_HAU_v2; (5) whole genome alignments
indicate multiple artifactual rearrangements in 3-79_UTX v1.1. Again,
this suggests that while any of these genomes are suitable for many
analyses, those that consider genome structure may be better served by
the 3-79_HAU_v2 assembly.

Accuracy of gene prediction and annotation continues to be a chal-
lenge for plant genomics. Many plant genomes have updated their gene
prediction and annotation information, such as Arabidopsis thaliana,
Oryza sativa, and Zea mays (Cheng et al., 2017; Jiao et al., 2017;
Kawahara et al., 2013), using the abundant resources available for these
species and some community curation; a similar strategy for updating
gene prediction and annotation information would also be useful for the
cotton genomes. In the interim, we have generated a resource
(https://ihope.shinyapps.io/cottonParalogs/) that allows researchers to
convert gene-ids among the different assemblies and leverage informa-
tion garnered from the myriad assemblies.

Assembling gap-free telomere-to-telomere assemblies is the ideal
goal for all-genome sequences. Improvements in the cost and read length
of sequencing technologies, and improvements to algorithms of new
assemblers, have recently provided telomere-to-telomere complete ge-
nomes for the human genome, for two elite O. sativa xian/indica rice
varieties, and for watermelon (Deng et al., 2022; Nurk et al., 2022; Song
etal., 2021). The optimization of circular consensus sequencing (CCS) to
improve the accuracy of single-molecule real-time (SMRT) sequencing
(PacBio) and generate highly accurate long high-fidelity (HiFi) reads,
and assembly with the new assemblers, such as HiCanu or Hifiasm, could
significantly improve assembly contiguity in cotton (Cheng et al., 2021;
Nurk et al., 2020; Perkin et al., 2021; Wenger et al., 2019). While the
existing assemblies are high-quality, gap-free telomere-to-telomere as-
semblies of G. hirsutum and G. barbadense will likely be achieved in the
near future by integrating the latest sequencing technologies (e.g, cir-
cular consensus sequencing, BioNano optical mapping, Hi-C, and 10X
Genomics). RNA-seq gradually accumulated from different tissues and
various classes of non-coding RNA including microRNA, long intergenic
RNA, small nucleolar RNA, natural antisense transcript, and small nu-
clear RNA will also improve the accuracy of the gene predictions and
annotation for newly developed genomes. Both the complete genome
and accurate gene models will accelerate evolutionary and functional
genomic studies in cotton and inform future breeding programs for fiber
improvement.



Q. Meng et al.

4. Conclusions

This study comprehensively assessed the assembly quality of two
cultivated allotetraploid cotton species, G. hirsutum and G. barbadense,
using the same criteria, identified the centromeric regions of all genome
assemblies, and revealed one-to-one relationships among genes within
and between species, the latter providing a convenient resource for
transferring gene IDs between species and among genome versions.
Several large inversions among the five high-quality TM-1 assemblies
reveals the nonconformity among independently generated genome
sequences using similar technologies. Our analyses collectively reveal
that the assembly quality of TM1_CRI_v1 is slightly higher than other
G. hirsutum assemblies, and the assembly quality of 3-79 HAU_v2 is
slightly higher than other G. barbadense assemblies. Our analysis pro-
vides a path forward for choosing the most appropriate reference
genome for cotton research and provides resources for cotton
improvement.
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