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Abstract

113* 1,14

and Martin Mascher

Chromosome-scale genome sequence assemblies underpin pan-genomic studies. Recent genome assembly efforts
in the large-genome Triticeae crops wheat and barley have relied on the commercial closed-source assembly
algorithm DeNovoMagic. We present TRITEX, an open-source computational workflow that combines paired-end,
mate-pair, 10X Genomics linked-read with chromosome conformation capture sequencing data to construct
sequence scaffolds with megabase-scale contiguity ordered into chromosomal pseudomolecules. We evaluate the
performance of TRITEX on publicly available sequence data of tetraploid wild emmer and hexaploid bread wheat,
and construct an improved annotated reference genome sequence assembly of the barley cultivar Morex as a

community resource.

Introduction

The Triticeae species wheat and barley were among the
founder crops of Neolithic agriculture in Western Asia and
continue to dominate agriculture in temperate regions of
the world to the present day. Large genome sizes, high
content of transposable elements (TEs), and polyploidy (in
the case of wheat) have long impeded genome assembly
projects in the Triticeae [1, 2]. Recently, chromosome-scale
reference sequence assemblies have come available for bar-
ley (Hordeum vulgare) [3], hexaploid bread wheat (Triticum
aestivum) [4], and tetraploid durum wheat (T. turgidum
ssp. durum) [5] as well as the wheat wild relatives Aegilops
tauschii (wheat D genome progenitor) [6], T. urartu (wheat
A genome progenitor) [7], and T. turgidum ssp. dicoccoides
(wild emmer wheat, AB genome) [8]. The genome projects
of barley, bread wheat, and the A and D genome progeni-
tors had initially followed the hierarchical shotgun ap-
proach as had been employed by the human genome
project [9], but adopted second-generation sequencing
methods for sequencing as they became available [10].
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Assembling bacterial artificial chromosomes (BACs) guided
by a physical map yielded megabase-sized scaffolds [3, 11],
which were then arranged into chromosomal super-
scaffolds (so-called pseudomolecules) by long-range linkage
information afforded by ultra-dense genetic maps [12, 13],
chromosome conformation capture sequencing (Hi-C) [14,
15], or Bionano optical mapping [16]. However, BAC-by-
BAC assembly is laborious and time-consuming [3] and has
become an obsolete method of sequence assembly.

The wild emmer wheat, and subsequently the bread
and durum wheat, genome projects [4, 5, 8] used a
whole-genome shotgun (WGS) approach based on Illu-
mina short-read sequencing of shotgun libraries with
multiple insert sizes. Within months, a fully annotated,
highly contiguous sequence was assembled, capturing
the full organizational context of the 21 wheat chromo-
somes, some of which have been validated using other
approaches [17]. Despite being robust, the assembly al-
gorithm used in these projects was closed-source [18],
potentially limiting its application to the broader com-
munity. Indeed, efforts to develop a low-cost, open-
source alternative are still required to allow assembly of
multiple genomes within a species to comparable con-
tiguity. Short-read assemblies of the wheat genome have

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13059-019-1899-5&domain=pdf
http://orcid.org/0000-0001-6373-6013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:stein@ipk-gatersleben.de
mailto:mascher@ipk-gatersleben.de

Monat et al. Genome Biology (2019) 20:284

been generated by open-source alternatives such as w2rap
[19] or Meraculous [13]. In addition, long-read assemblies
have been generated for Ae. tauschii [20] and bread wheat
[21]. But still, the contiguity of these assemblies is lower
than that of the scaffolds constructed using the DeNo-
voMagic algorithm. Another important concern is the
high computational cost for a long-read (hybrid) assem-
bly, estimated at 470,000 CPU hours or 6.5 months in
wall-clock time [21].

We have recently outlined a proposal for pan-genomics
in barley [22]. A cornerstone of our strategy is the con-
struction of high-quality sequence assemblies for multiple
genotypes representative of major germplasm groups.
Similar projects are under way in bread wheat (http://
www.10wheatgenomes.com). An open-source assembly
pipeline with comparable accuracy, completeness, and
speed similar to available commercial platforms would
greatly reduce the cost per assembled genome, thus ex-
tending the scope of pan-genome projects in the Triticeae.

Here, we report on the development of a computa-
tional pipeline for chromosome-scale sequence assembly
of wheat and barley genomes. We evaluate the perform-
ance of the pipeline (which we named TRITEX) by re-
assembling the raw data used for the wild emmer [8]
and bread wheat [4] reference genome assemblies and
compare our assemblies to those constructed with a
commercial platform. Furthermore, we used TRITEX to
generate an improved annotated reference genome as-
sembly for barley cv. Morex as an important resource
for the barley research community.

Results
Overview of the workflow
We begin with a description of our workflow, its input
datasets (Table 1), and a description of the expected out-
come of each component (Table 2). For the sake of ex-
position, we illustrate our method by presenting results
for wheat and barley, which will be described in greater
detail below.

Our pipeline uses the same input datasets generated
for DeNovoMagic assemblies reported by Avni et al. [8]

Table 1 Input datasets for TRITEX

Page 2 of 18

and the International Wheat Genome Sequencing Con-
sortium (IWGSC) [4]. The key parameters are two types
of paired-end libraries (PE450 and PE800), three types of
mate-pair libraries (size ranges 2 4kb [MP3], 5 7kb
[MP6], and 8 10kb [MP9]), 10X Chromium libraries,
and Hi-C data as listed in Table 1. We show below that
certain library types can be omitted in our approach
without greatly compromising assembly contiguity.

A critical component of the sequencing recipe are
PCR-free Illumina shotgun libraries with a tight insert
size distribution in the range of 400 500bp and se-
quenced with 250bp paired-end reads. These were
merged with standard tools such as PEAR [36] or
BBMerge [25] to yield long single-end reads with a mean
fragment size of ~450bp and are subsequently error-
corrected with BFC [26]. These elongated short reads
allow the use of longer k-mers (i.e., short sequence frag-
ments of fixed length) during the assembly process. Esti-
mates of expected assembly size based on k-mer
cardinalities [37] support the notion that longer k-mers
achieve much better genome representation in wheat
and barley (Fig. 1a). The k-mer size for many assemblers
is limited. For example, the maximum k-mer size of
SOAPDenovo2 is limited to 127 bp. We thus selected
Minia3 [27, 28], an assembler capable of using k-mers of
arbitrary size.

A disadvantage of using large k-mer sizes is the lower
genome coverage (Fig. 1b) as a consequence of sequen-
cing errors, resulting in random coverage gaps. To over-
come this drawback, we adopted the iterative multi-k-
mer approach of the GATB-Minia pipeline (https:.//
github.com/GATB/gatb-minia-pipeline). In the initial it-
eration, an assembly at k-mer size 100 is made from the
error-corrected PE450 reads. Subsequent iterations take
as input the PE450 reads and assembly constructed in
the previous iteration. This procedure is repeated for k-
mer sizes 200, 300, 350, 400, 450, and 500. The unitigs
of the final iteration achieve an N50 of about 20 30kb
(Table 3). The impact of increasing k-mer size on as-
sembly statistics is summarized in Additional file 1:
Table S1. Contig assemblies with smaller k-mer sizes are

Name Library type (number?) Insert size Read length Coverage?

PE450 PCR-free paired-end (2) 400-470 bp 2% 250 bp 70%

PE80O PCR-free paired-end (2) 700-800 bp 2x 150 bp 30x%

MP3 Nextera mate-pair (2) 2-4kb 2 x 150 bp 30x

MP6 Nextera mate-pair (2) 5-7kb 2x 150 bp 30x%

MP9 Nextera mate-pair (2) 8-10kb 2 x 150 bp 30x

10X 10X Chromium (2) 2 x 150 bp 30x

Hi-C TCC [23] or in-situ Hi-C [24] (1) 2% 100 bp 200-400 million read pairs

INumber of independent libraries to be prepared

Haploid genome coverage for paired-end, mate-pair, and 10X libraries. As Hi-C analysis is count-based, read numbers are more relevant than sequence amount
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Table 2 Overview of the TRITEX pipeline
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Step® Software Input Output
1  Read merging BBMerge [25] PE450 read pairs Merged PE450 reads
2 PE450 error correction BFC [26] Merged PE450 reads Corrected PE450 reads, hash
table of k-mer counts
31 Unitig assembly Minia3 [27, 28] Corrected PE450 reads Unitigs

3.2 Error correction of PES0O
and MP reads

4 Scaffolding

BFC [26], cutadapt [29], NxTrim [30]
SOAPDenovo2 [31]

5  Gap-filling Gapcloser [31]

Minimap2 [32], cutadapt [29],
SAMtools [33], BEDtools [34],
custom scripts

As in 6.1, EMBOSS [35]
Minimap2 [32]

6.1 Alignment of 10X reads

6.2 Alignment of Hi-C reads
6.3 Alignment of genetic markers

7 Pseudomolecule construction  Custom R scripts

PE800, MP3, MP6, and MP9 reads,
hash table of k-mer count (step 2)

Unitigs; corrected PE800, MP3, MP6,
and MP9 reads

Scaffolds, corrected PE450 reads

Corrected PE800, MP3, MP6,
and MP9 reads

Scaffolds

Scaffolds after gap-filling

Scaffolds after gap-filling, 10X reads 10X alignment records

Scaffolds after gap-filling, Hi-C reads Hi-C alignment records

Scaffolds after gap-filling, marker sequences Marker alignment records

Scaffolds after gap-filling, 10X alignment
records, Hi-C alignment records, marker
alignment records

Pseudomolecules, Hi-C
contact maps

ISteps with identical leading digits can be run in parallel

shorter and hence have a higher proportion of unassem-
bled sequence. This will hamper scaffolding with mate-
pair reads as many reads would remain without a mapped
mate. An additional advantage of Minia3 over other as-
semblers such as SOAPDenovo?2 [31] or MaSuRCA [39] is
its low main memory consumption of only 50 GB. Thus, it
is possible to run multiple genomes in parallel, which will
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Fig. 1 Estimate of assembly size and k-mer coverage as a function
of k-mer size. Assembly size (a) and k-mer coverage (b) were
estimated from error-corrected PE450 used for Zavitan unitig
assembly based on k-mer cardinalities using NtCard [38] and
Kmerstream [37]

be useful in a pan-genome project. A single iteration
of Minia3 takes about 1 day for barley and 3 days for
hexaploid wheat.

The unitigs of the final iteration are used as input for
scaffolding with the PE800, MP3, MP6, and MP9 librar-
ies using SOAPDenovo2 [6]. We have also evaluated two
other tools (BESST [40], OperalL G [41]), but only BESST
ran successfully on our dataset. BESST yielded assembly
of lower quality than SOAPDenovo2 (Additional file 1:
Table S2) and had longer runtimes. Scaffolding with
SOAPDenovo? yields assemblies with an N50 beyond 1
Mb (Tables 3 and 4). After gap-filling with GapCloser,
about 1 5% internal gaps in scaffolds remain (Tables 3
and 4). Alignments of 10X and Hi-C reads and genetic
markers to the scaffolds are imported into R [43], and
custom scripts were developed to identify and correct
mis-assemblies, to construct super-scaffolds, and to build
pseudomolecules. Both super-scaffolding with 10X data
and pseudomolecule construction use the POPSEQ gen-
etic maps of barley [12] and wheat [13] to guide the as-
signment of scaffolds to chromosomes and to discard
spurious links between unlinked regions. We note that the
omission of the PE800, MP3, and MP6 libraries (i.e., using
only the MP9 library for mate-pair scaffolding) resulted in
assemblies of comparable contiguity and genome repre-
sentation in barley (Table 4). If this slightly reduced con-
tiguity is acceptable for downstream application, the cost
for data generation can be reduced by about 20%.

Scaffolding can introduce false joins between unlinked
sequences [44] that need to be broken to construct
correct chromosomal pseudomolecules [45]. Physical
coverage with 10X reads is used to detect and correct
mis-joins introduced during either unitig construction
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Table 3 Assembly statistics for Zavitan and Chinese Spring

Zavitan Chinese Spring

TRITEX Avni et al. [8] TRITEX IWGSC [4]
Unitig assembly size 108 Gb 151Gb
Unitig N50 217kb 214kb
Unitig N90 15kb 1.7kb
Assembled sequence in contigs 1kb 10.0Gb 140Gb
Assembled sequence in contigs 10 kb 78Gb 10.8 Gb
Scaffold assembly size 111Gb 105Gb 15.7Gb 145Gb
Scaffold N50 13Mb 70Mb 23Mb 7.0 Mb
Scaffold N90 97 kb 12Mb 281kb 12Mb
Assembled sequence in scaffolds 1 kb 104 Gb 105Gb 148 Gbh 145Gb
Assembled sequence in scaffolds 1 Mb 6.7 Gb 96 Gb 119Gb 134Gb

Unfilled internal gaps 209 Mb (1.9%)

171 Mb (1.6%) 476 Mb (3.0%) 262 Mb (1.8%)

or scaffolding (Fig. 2). The corrected scaffolds are used as
input for super-scaffolding with 10X data using a custom
graph-based method (see the Methods section for de-
tails). These super-scaffolds are then ordered and oriented
along the chromosomes using Hi-C data using the method
of Beier et al. [46]. Once scaffolds have been arranged into
chromosomal pseudomolecules, contact matrices for each
chromosome are plotted as heat maps. Visual inspection
of these matrices can reveal further assembly errors such
as remaining chimeras or misoriented (blocks of) super-
scaffolds (Fig. 3). After correction of these errors, the Hi-C
maps are updated and cycles of assembly-inspection-
correction are repeated until all mis-assemblies have been
eliminated and contact matrices show the expected Rabl
configuration [3] (strong main diagonal/weak anti-
diagonal). We found that pseudomolecules constructed
from corrected super-scaffolds contain in the range of 10
to 20 mis-assemblies, which were eliminated in a single

Table 4 Comparison of different assemblies of barley cv. Morex

correction cycle. Without 10X data, i.e., using only Hi-C
data for spotting mis-assemblies as in the case of pub-
lished wheat reference genomes [4, 8], more curation cy-
cles were required.

Assuming all input datasets (Table 1) are in place, the
entire TRITEX workflow can be completed in 3 to 4
weeks for barley and 4 to 6 weeks for hexaploid wheat,
allowing for some delays in the completion of hands-on
steps (mainly inspection of intermediate results and cur-
ation of pseudomolecules). We believe that despite our
detailed user guide (available at https://tritexassembly.
bitbucket.io), completing a TRITEX assembly would be
a rather arduous task for a scientist inexperienced in ei-
ther plant genome assembly or practical bioinformatics,
unless guided by an expert in plant genomics. A UNIX
server with at least 1 TB of main memory is needed to
complete scaffold construction for bread wheat. Much
wall-clock time (about 1 week for barley [5 Gb genome])

BAC-by-BAC TRITEX TRITEX

Morex V1 [3] Dovetail Morex V2 MP9 only
Scaffold assembly size 479Gb 4.65Gb 46Gb
Scaffold N50 79 kb 34 Mb 26 Mb
Scaffold N90 44 kb 287 kb 150 kb
Assembled sequence in scaffolds 1 kb 467 Gb 434Gb 432Gb
Assembled sequence in scaffolds 1 Mb 0bp 380Gb 349Gb
Unfilled internal gaps 216 Mb (4.5%) 116 Mb (2.5%) 106 Mb (2.3%)
Super-scaffold N50 19Mb 13Mb 402 Mb 326Mb
Super-scaffold N90 336 kb 75kb 20Mb 12Mb
Size of pseudomolecules 458 Gb 426 Gb 420Gb
Size of unanchored sequences (chrun) 246 Mb 83 Mb? 111 Mb?
Proportion of complete full-length cDNAs® 81.8% 84.1% 89.8% 90.4%

proportion of 28,622 full-length cDNAs of barley cv. Haruna Nijo [42] aligned with  90% coverage and  97% alignment identity

2sequences shorter than 1000 kb were not included in chrUn
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Fig. 2 Example of a chimeric scaffold. The chimeric nature of a sequence scaffold joining two unlinked sequences originating from barley
chromosomes 2H and 5H is supported by multiple lines of evidence. a Genetic chromosome assignments of marker sequences aligned to
scaffold_1005. b 10X molecule coverage. ¢ Physical Hi-C coverage. Coverage in b and ¢ was normalized for distance from the scaffold ends and
the log2-fold observed vs. expected ratio was plotted. The red, dotted lines mark the breakpoint at 3.32 Mb

Fig. 3 Example of errors in scaffold orientation. The top panels show the Hi-C contact matrix for barley chromosome 3H before (a) and after (b)
manual correction. The bottom panels show the directionality biases in the Hi-C data as defined by Himmelbach et al. [47] before (c) and after (d)
manual correction. Two inverted scaffolds are evident as deviations from the expected Rabl configuration [3] and as diagonals bounded by
discontinuities in the directionality biases
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