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Abstract

Hidden underground, root systems constitute an important part of the plant for its develop-
ment, nourishment and sensing the soil environment around it, but we know very little about
its genetic regulation in crop plants like wheat. In the present study, we de novo assembled
the root transcriptomes in reference cultivar Chinese Spring from RNA-seq reads generated
by the 454-GS-FLX and HiSeq platforms. The FLX reads were assembled into 24,986 tran-
scripts with completeness of 54.84%, and the HiSeq reads were assembled into 91,543
high-confidence protein-coding transcripts, 2,404 low-confidence protein-coding transcripts,
and 13,181 non-coding transcripts with the completeness of >90%. Combining the FLX and
HiSeq assemblies, we assembled a root transcriptome of 92,335 ORF-containing tran-
scripts. Approximately 7% of the coding transcripts and ~2% non-coding transcripts are not
present in the current wheat genome assembly. Functional annotation of both assemblies
showed similar gene ontology patterns and that ~7% coding and >5% non-coding tran-
scripts are root-specific. Transcription quantification identified 1,728 differentially expressed
transcripts between root tips and maturation zone, and functional annotation of these tran-
scripts captured a transcriptional signature of longitudinal development of wheat root. With
the transcriptomic resources developed, this study provided the first view of wheat root tran-
scriptome under different developmental zones and laid a foundation for molecular studies
of wheat root development and growth using a reverse genetic approach.

Introduction

As the “hidden half” of a plant, root systems provide plant water, nutrients, and an anchorage
from the soil, produce growth regulators and sense soil environmental changes such as pH,
moisture, and mineral content. A well-developed root system is critical for sustainable crop
production. Despite the important roles in plant development and growth, our understanding
of root development and growth is still very limited as compared to the aboveground half.
Nevertheless, most knowledge of root biology comes from the model plant Arabidopsis. Rich
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genomic resources, non-soil cultivation and anatomical simplicity make the Arabidopsis root
state of the art in plant biology at both molecular and cellular levels, including identification of
many genes involving various aspects of root development, characterization of hormone inter-
action, cell type definition, and environmental responses [1]. Dicots and monocots differ sig-
nificantly in root system architecture and cellular organization. Compared to the tap root
system in dicots, monocot roots are fibrous with large quiescent centers, the separate origin of
endodermis and cortex in ground tissue, multiple layers of cortical cells with variable cell num-
bers, and multiple-tissue occurrence of lateral roots [2]. With a finished genome and relative
ease of genetic transformation, rice has emerged a model for grass root biology study and has
proven to be informative [3, 4]. In contrast, very little information is available in the small-
grain crops, including barley, oats, rye, and wheat, which grow in relatively dry conditions and
have large genomes.

Common wheat or bread wheat (Triticum aestivum L., genomes AABBDD) is a hexaploid
species of relatively recent origin and one of the most important food sources, providing ~20%
daily caloric consumption. As the most widely adapted crop, wheat plays an important role in
the global food security. Mainly due to climate change, however, wheat production is facing
numerous challenges from biotic stress and abiotic stress. Understanding the molecular mech-
anisms underlying root development, growth and the environmental response is a prerequisite
for improving tolerance to the soil-borne stress, such as drought and waterlogging, using bio-
tech approaches. Functional genomics has long been expected to play an important role in
wheat root studies. Of the ~1.3 million wheat expressed sequence tags (ESTs) from 147 com-
plementary DNA (cDNA) libraries, 26,849 ESTs of 25 cDNA libraries were made from the
root tissues of reference genotype Chinese Spring (CS; http://ncbi.nlm.nih.gov). But they are
far apart from covering the root transcriptome, particularly for those transcripts that are low
in abundance but important in function, such as transcription factors (TFs). Compared to the
traditional EST development and microarray hybridization, RNA-Seq offers unprecedented
capacity and resolution in revealing the landscape and dynamics of complex transcriptomes.
As the sequencing cost continues to drop, RNA-Seq has been the favorite choice for transcrip-
tome analysis of the non-model plant species [5]. Without finished genome sequences, the
transcriptomes of the non-model species are assembled de novo. Although draft genome
sequences of common wheat cultivar Chinese Spring (CS) [6, 7] and the A-genome [8] and D-
genome progenitors of wheat [9] were reported recently, their utility in transcriptome analysis
remains to be tested. Many RNA analyses have been performed in wheat [10-28]. Half of these
researches assembled the transcriptomes de novo due to lack of a finished wgeat genome
assembly. In another aspect, a de novo transcriptome assembly also benefits annotation of the
wheat genome by identifying the novel genes that are not included in the current gene models
and improving the current annotation.

Most of the transcriptomes assembled were mainly for aboveground tissues such as the
embryogenic callus [27], developing grains [10, 20], spikes [16], microspores [15], leaves [18,
19, 23], or mixed tissues from whole plants [12]. No transcriptomes have been assembled for
root development study. To gain a global view of the allelic interaction and its effect on the
root transcriptome at large and to lay a foundation for root functional genomics, we initiated a
wheat root transcriptome project. As the first stage, we sequenced the three root RNA samples
of CS using 454 GS-FLX (Roche, Branford, CT, USA) and HiSeq (Illumina, San Diego, CA,
USA) platforms. Assembly and quantification of the wheat root transcriptomes provide the
first view of the transcriptional landscape of wheat root development. Here, we report the de
novo assembly of the root transcriptomes, characterization of the assembled transcripts,
expression profiling of the genes in the root tip and the mature part of the roots, and their
implication to wheat root development and growth.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205582 November 5,2018 2/27


http://ncbi.nlm.nih.gov/
https://doi.org/10.1371/journal.pone.0205582

®PLOS | one

Wheat root transcriptomes

Material and methods
Plant material and RNA extraction

Root tissues collected from two separate germination experiments for RNASeq analysis by
454/Roche and Illumina sequencing platforms. In experiment 1, ~100 CS seeds were germi-
nated on the tap water-wetted paper towels in a polystyrene container with lid (4 5/16” x4 5/
16” x 1 1/8”; Hoffman Manufacturing, Inc, Corvallis, OR), and 3-mm root tips were harvested
from the 3 day old seedlings and frozen in liquid nitrogen immediately. In experiment 2, the
CS seeds were sown in deep pots containing steriled sands, and root tips of ~3mm (mainly
meristematic zone) and rest of the roots (mainly the maturation zone) were collected from
seven day-old seedlings separately andfrozen in liquid nitrogen immediately. Three biological
replicates were included for each developmental zone. Total RNA was extracted using Trizol
(Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s instruction. The RNA
sample from the experiment 1 was purified using a mRNA-only kit (Epicentre, Madison, WI,
USA) for message RNA (mRNA), and the RNA samples from the experiment 2 were purified
using the RNeasy mini kit (Qiagen, Valencia, CA) following the manufacturer’s instruction.
Concentration and integrity of the purified RNA samples were quantified using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), and samples with an RNA integrity
number (RIN) greater than eight were used in the subsequent analyses.

454 GS Titanium FLX sequencing

The purified mRNA from the experiment 1 was submitted to the Integrated Genomics Facility
at Kansas State University, Manhattan, KS, for cDNA synthesis using random primers, for
construction of a DNA sequencing library using a standard cDNA rapid library construction
kit from 454/Roche and a sequencing run on a 454/Roche Titanium platform.

INlumina sequencing

RNA samples extracted from root tips and rest of the root tissue (mainly maturation zone)
from plants grown in experiment 2 were submitted the DNA Core Facility at University of
Missouri, Columbia, MO, for cDNA synthesis, sequencing library construction and sequenc-
ing. Six barcoded sequencing libraries for three biological replicates for the meristematic zone
and three biological replicates for the maturation zone were prepared using the TruSeq RNA
Library Prep Kit (Illumina). These six libraries were pooled and sequenced in one lane on the
HiSeq 2000 platform (Illumina) to generate 100 bp single-end reads.

Quality control and preprocessing

Adapter sequences used during the library preparation were trimmed from the 454-GS-FLX
reads using a Perl script from NGSQC toolkit [29]. The HiSeq reads were trimmed by a Java-
based program Trimmomatic [30] using the -phred33 and the reads shorter than the minimum
length cutoff of 50 bp were filtered. The adapter-free reads were further filtered based on the
quality using the prinseq [31]. The parameters for quality trimming were set for a minimum
mean quality of Q20 across the read and to trim low-quality bases at 3’ end. The minimum read
length of 100 bp for the FLX reads, and 50 bp for HiSeq reads was used as cutoffs for length fil-
tering. For the FLX reads with homopolymer sequences were trimmed using a Perl script from
the NGSQC toolkit [29]. The reads corresponding to rRNA sequences were filtered using Ribo-
picker Perl script [32] using a plant rRNA sequence dataset generated from the rDNA sequences
retrieved from NCBI (http://www.ncbi.nlm.nih.gov), TAIR (https://www.arabidopsis.org) and
the rice genome annotation database (http://rice.plantbiology.msu.edu).
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De novo assembly of the transcriptome

All the assembling work was done on a server with 24 cores and 128 GB RAM or 64 cores and
512 GB RAM. The clean reads obtained from the 454 sequencing were assembled using the
Newbler program v2.6 from Roche, TGICL v2.1 (http://sourceforge.net/projects/tgicl/) [33]
and MIRA v3.9.17 (http://mira-assembler.sourceforge.net) [34]. The assembly with Newbler
was carried out with six different overlap percentages of identity, i.e., 95-100% keeping the
number of bases in overlap constant as 80bp, and a read was only assigned to one contig.
TGICL and MIRA assemblies were done using the 98% identity over a stretch of 80 bp and
keeping the rest of the parameters default.

The contigs and singletons from the Newbler 98% identity assembly were used to assemble
with the 35,042 ESTs from 26 CS root-only libraries deposited in DFCI gene index, NCBI EST
database (http://www.ncbinlm.nih.gov/genbank/dbest/dbest_access/) and Komugi wheat EST
database (http://www.shigen.nig.ac.jp/wheat/komugi/ests/tissueBrowse.jsp). The hybrid
assembly was carried out using the CAP3 assembly program [35] with a 98% identity across a
minimum of 80-bp overlap.

The purged HiSeq reads were assembled using Velvet/Oases program version 1.0.14 (http://
www.ebi.ac.uk/~zerbino/velvet/) [36] with k-mer values 31, 41, 51, 61, 71, 81 to get a better
assembly [37]. The contigs from all the k-mer assemblies were clustered using CD-HIT-EST
[38] at 99% identity (-c 0.95 -n 8 =T 0 -M 0 —gap -2) to remove redundant contigs generated
by different k-mers. To further extend the contigs, the non-redundant contigs from these mul-
tiple k-mer assemblies were assembled into a Illumina super assembly using TGICL program
[33] with 99% identity and 100-bp overlap.

The overlap between the 454 Newbler (98% identity) and the Illumina super assembly was
determined by mapping the illumina reads to the 454 Newber contigs and the singletons. The
reads were mapped with the mapping tool in CLCbio Genomics Workbench using the param-
eters same as above.

Evaluation of assemblies

Both the FLX and the HiSeq reads used for the assemblies were mapped onto the correspond-
ing assembled sequences using the CLCbio’s proprietary tools based on a modified version of
maximal exact match approach [39] (http://resources.qiagenbioinformatics.com/white-
papers/White_paper_on_CLC_read_mapper.pdf). For mapping we used the percent identity
match of 95% and the length fraction of 1.0 with a global alignment.h The quality of the assem-
bly was evaluated by aligning the assembled contigs to the full-length (FL) cDNA sequences of
wheat from TriFLDB database (Riken, Japan). The FL-cDNA sequences were downloaded
from TriFLDB, and redundant sequences with an identity of 99% were removed using the
CD-HIT program [38]. Eventually, 17,094 non-redundant cDNA sequences were used for
evaluating the completeness of our assembly. For evaluating the completeness of both the
Newbler and Velvet assemblies, the program CEGMA was run on both the assemblies to deter-
mine the percent of the conserved core eukaryotic genes were assembled [40]. The HiSeq
reads were also mapped to the Newbler 98% identity assembly using the mapping tool in the
CLC Bio Genomic Workbench with the same parameters as indicated above. If less than five
HiSeq reads were mapped in an FLX sequence, the FLX sequence will be considered unique
and not present in the HiSeq sequences.

Prediction of open reading frames and coding potential

The root assemblies were aligned with eight proteomes from finished genomes, wheat
protein sequences from TriFLDB, and barley protein sequences from TriFLDB and MIPS
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(http://pgsb.helmholtz-muenchen.de/plant/barley) databases using the BLASTx algorithm.
The sequences of the finished plant genomes, including those of Arabidopsis, rice, Brachypo-
dium, sorghum, foxtail millet, maize, and switchgrass were retrieved from the Phytozome
database (v11.0; https://phytozome.jgi.doe.gov/pz/portal. html). The BLASTx results were
used to predict open reading frames (ORFs) by the findorf program [41]. A second prediction
was performed on the already predicted sequences by masking the first ORF to identify the
misassembled transcripts that may arise during the de novo assembly. TransDecoder (https://
github.com/TransDecoder/TransDecoder) was used to predict ORF from the leftover tran-
scripts. The coding potential of the transcripts without predicted ORFs were analyzed using a
potential coding calculator (CPC) with default setting using a webserver (http://cpc.cbi.pku.
edu.cn/).

Functional annotation and GO assignment

The assembled transcripts were annotated by performing a BLASTx search against the NCBI
non-redundant (nr) protein database with an E-value of 10E-6 and minimum coverage of 100
bp or 33 aa. Gene Ontology (GO) assignment was performed using Blast2go software (www.
blast2go.com). The assembled transcripts were further aligned against the Wheat Unigene
dataset build 60 (ftp://ftp.ncbi.nih.gov/repository/UniGene/Triticum_aestivum/) and against
Arabidopsis, Rice and Brachypodium proteomes using command line BLASTx from NCBI
v2.2.26 with an e-value of 10E-6. The transcripts were also searched against the Triticeae
Repeat sequence database (TREP) to identify the transposable elements (TEs) in the wheat
root transcriptome.

Separating homoeologous transcripts from the de novo assembled
transcriptome

To separate the homoeologous transcripts, we used the pipeline reported by [41] using Free-
bayes (https://github.com/ekg/freebayes) and Hapcut programs [42] to phase the reads based
on the SNPs found in the homoeologous genes of wheat. The phased reads were assembled
into contigs using a Perl script, which employs the MIRA assembler v3.4.1.1 [34] and CAP3
[35].

Differential expression analysis in root tip and the mature root tissues

The HiSeq reads from both the root tip and maturation zone samples were mapped to the de
novo assembled transcriptome using the read mapping tool in CLC Bio Genomic Workbench
v6.5.1 (Qiagen, Carlsbad, CA, USA) with parameters set as 95% identity along the length of the
read. Multiple mapping of the reads is limited to ten. The transcript abundance was calculated
in terms of reads per kilobase of the transcript per million (RPKM) and transformed by adding
a pseudo-count of “1” to avoid zero values in computation [43]. The transformed expression
values were normalized by median scaling method across all the biological replicates of both
the samples. The transcripts differentially expressed in both the tissues were identified with a
fold change of at least two and a false discovery rate (FDR) p-value of 0.05. The normalization,
statistical tests, and the p-value correction were done using the inbuilt tools in the CLC Bio
Genomics Workbench. The differentially expressed genes were mapped to the MapMan bins
using the Mercator tool (http://mapman.gabipd.org/web/guest/app/mercator) [44] and were
represented on the metabolic pathways (http://mapman.gabipd.org/web/guest/mapman;
v3.6.0RC1) [45].
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Fig 1. A flowchart of the assembly and annotation strategy for root transcriptome. Parameters for assemblies by Velvet/Oases, CD-HIT and TGICL-CAP3 are
indicated in the parentheses.

https://doi.org/10.1371/journal.pone.0205582.9001

Results
Wheat root transcriptome datasets

We sequenced the transcriptome of the CS root tip using the 454 GS-FLX platform (Roche),
which generated 1,086,240 raw reads from a single pyrosequencing run. As the evolution of
sequencing technologies, we subsequently sequenced six libraries, three for the root tips and
three from the rest of root tissues using HiSeq 2000 platform (Illumina), which generated
192,767,620 single-end sequence reads of 100 bp length. All these sequence-reads went
through the processing pipeline for trimming adapters/primer sequences at the ends of the
reads and low-quality bases at the 3" end of the reads and filtering all the reads with low quality
(average Phred quality score of <20) and rRNA contamination. The quality filtering and
removing rRNA contamination resulted in 808,117 (74.4%) FLX reads and 169,286,239
(87.82%) HiSeq reads of high quality (Fig 1 and Table 1).

De novo assembly of FLX reads and annotation of wheat root
transcriptome

High quality reads from 454 sequencing were de novo assembled using Newbler software with
different identity thresholds, from 95% through 100% of identity across 80 bp overlap to place
two reads into a contig. The assemblies were analyzed for various parameters, including the
number of reads used, the total number of contigs generated, number of contigs longer than
200bp, N50 length, longest contig length and average contig length, and mapped the reads
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Table 1. Quality control and filtering of reads from 454 and Hiseq sequencing.

Sequencing runs

454 Reads (root tips)
Root tip Replicate 1
Root tip Replicate 2
Root tip Replicate 3
Mature root replicate 1
Mature root replicate 2

Mature root replicate 3

Total Raw Reads Quality Filter Contaminants High-quality reads
1,086,240 196,306 81,817 808,117 (74.4%)

31,803,479 4,040,700 382,197 27,380,582 (86.09%)
34,133,444 3,794,965 419,609 29,918,870 (87.65%)
34,873,477 3,632,386 454,067 30,787,024 (88.28%)
25,348,308 2,801,923 233,118 22,313,267 (88.03%)
37,575,294 3,886,507 379,931 33,308,856 (88.65%)
29,033,618 3,166,220 293,685 25,573,713 (88.08%)

https://doi.org/10.1371/journal.pone.0205582.t001

back onto the assembled contigs to estimate the number of unmapped reads. A total of six
assemblies were generated (Table 2). As expected, an increase of sequence identity reduces
N50, longest contig and average contig size, number of reads used and the size of the assem-
blies, but increases the number of contigs and singletons. One exception to this is the largest
contig length for the assembly with 97% identity, which is smaller than that of the assembly
with the identity of 98%. The 454 FLX reads were also assembled with other programs includ-
ing MIRA and TGICL separately, and the quality of these assemblies was analyzed using the
same output parameters used for the Newbler assemblies (Table 3). The TGICL assembly gen-
erated more contigs (78,413) than any of the assemblies from Newbler or the MIRA. But the
largest contig assembled and N50 was the smallest compared to the other assemblies. The
assemblies generated by TGICL and MIRA are larger (50.3 and 52.43 Mbp) than the six assem-
blies generated by the Newbler (Table 3). Although the Newbler assembly with 95% identity
has the largest contig size and N50, use of a lower identity would increase the probability of
merging the homoeologous transcripts as the homeologs from sub-genomes of wheat are
known to have high similarity over 97% identity in coding sequences [40]. With all the param-
eters considered, the Newbler assembly with the 98% identity is overall desirable (Table 2) and
used for further analysis. The distribution of the size of transcripts assembled in this assembly
was shown in Fig 2.

To improve our assembly of the root transcriptome generated from the 454 FLX reads, we
performed a hybrid assembly using the 24,986 contigs from the Newbler assembly with 98%
identity (Table 2) and 35,042 ESTs from the CS root. This merged 5,863 Newbler contigs with
11,940 ESTs into 4,812 CAP3 contigs. As a result, hybrid assembly reduced the contig number

Table 2. De novo assemblies of the FLX reads using Newbler, TGICL and Mira.

Assembly parameters
Total contigs (>200bp)
Avg contig size

N50 (bp)

Large Contigs >500bp
% Large Contigs

Large contigs N50
Largest Contig size (bp)
Assembly size (bp)
Reads used in assembly
% Assembled reads
Singletons

% Singletons

95% identity 96% identity 97% identity 98% identity 99% identity 100% identity TGICL Mira
23,418 23,497 24,140 24,986 25,548 22,544 78,413 73,084
749.87 742.22 722.04 696.92 675.54 660.86 641.53 717.46
905 893 857 815 787 737 672 762
14,720 14,640 14,866 15,122 15,400 14,314 52,763 53,271
62.86 62.31 61.58 60.52 60.28 63.49 67.29 72.89
1,046 1,033 994 951 912 835 747 828
7,528 6,892 5,977 6,699 5,598 3,787 3,451 5,199
17,560,564 17,439,938 17,429,939 17,413,219 17,258,803 14,898,493 50,304,196 52,434,582
697,311 691,259 681,502 662,618 624,961 518,627 686,622 506,290
86.31 85.56 84.35 82.02 77.35 64.19 84.99 62.67
95,262 100,789 109,525 125,932 159,474 234,805 121,295 110,157
11.79 12.48 13.56 15.59 19.74 29.06 15.01 13.63

https://doi.org/10.1371/journal.pone.0205582.t002
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Table 3. Assembly statistics for the Newbler, TGICL and Mira assemblies with 98% identity.

Parameters Newbler TGICL Mira
Total Sequences (contigs+singletons) (>200bp) 122,086 181,533 155,628
Avg contig size 443.45 487.93 530.41
N50 (bp) 450 493 546
Largest Contig size (bp) 6,699 3,451 5,199
Large Contigs >500bp 22,047 58,467 57,927
% Large Contigs 18.06 32.21 37.22
Large contigs N50 810 725 808
Assembly size (Mbp) 54.14 88.58 82.55

https://doi.org/10.1371/journal.pone.0205582.t003

from 24,986 to 23,935 and increased N50 from 815 to 887 and the longest contig size improved
from 6699 bp to 6,747 bp (Table 4). At the same time, 19,123 Newbler contigs and also 23,102
ESTs found no match (Table 4), indicating that 454 sequencing expanded CS root transcrip-
tome significantly, but its coverage is still low. This low coverage is confirmed by the CEGMA
assay, which showed the root transcriptome assembled from the 454 FLX reads has a com-
pleteness of 54.84% for full length conserved eukaryotic genes (CEGs) and 85.08% for the par-
tial CEGs.

Approximately, 87% of the transcripts had BLASTx hits in NCBI nr protein database, of
which 78% of the total transcripts were assigned with GO terms and 18% were assigned with
enzyme commission (EC) annotation. For biological processes, >70% of GO items fall in top
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I

l

Fig 2. Distribution of transcript length of the Newbler assembly of the root transcriptome. Numbers in the X-axis indicate the length of the transcript in bp, and
numbers in the Y-axis indicate the quantity of the transcripts.

https://doi.org/10.1371/journal.pone.0205582.9002
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Table 4. Hybrid assembly details.

Input:

Newbler contigs 30,047
454 singletons 125,932
Sanger ESTs 35,042
Output:

Assembly size (>200bp) 49.45 Mbp
Total CAP3 contigs 43,109
Extended Newbler or new contigs 24,149
Newbler only contigs 18,960
454 singletons 58,020
N50 489 bp
Average contig size 490 bp
Largest contig size 6,747 bp

https://doi.org/10.1371/journal.pone.0205582.1004

five categories, i.e., organic substance metabolic process (7,227), primary metabolic process
(7,224), cellular metabolic process (5,388); biosynthetic process (3,458) and nitrogen com-
pound metabolic process (2,852). For molecular functions, the top five categories account for
>80% of the total GO items, i.e., heterocyclic compound binding (5,726), organic cyclic com-
pound binding (5,726), small molecule binding (3,727), transferase activity (3,269) and hydro-
lase activity (3177). For cellular localization, >90% of the GO items were from the top three
groups: intracellular (11,533), membrane-bounded organelle (6,923) and membrane (3,686)
localization (S1 Fig and S1 Table).

The cleaned HiSeq reads from the six libraries were mapped to the Newbler contigs and the
singletons using the CLC mapping tool, and 10,277 transcripts from the 454 FLX sequencing,
including 12 Newbler assembled contigs and 10,265 singletons, did not have a match with the
HiSeq sequences. BLASTn of these 454 FLX sequences, that were not present in the illumina
data, against the wheat genome showed that 5,115 sequences had a hit in the gene models, and
search against the genome sequences showed only 413 of the Newbler transcripts were not
present in the current draft genome. Search against the 5x shotgun genome [6] showed that
only 169 of 413 sequences were not found. This result indicated that the 87% of the root tran-
scriptome sequenced by 454 FLX platform has overlapped with root transcriptome sequenced
by HiSeq. The rest of the 454 FLX transcriptome, though not represented in the Hiseq tran-
scriptome, has a significant match with the wheat genome sequences. These findings show that
the 454 transcriptome assembly and the Hiseq transcriptome assembly together provide a bet-
ter representation of the wheat root transcriptome.

De novo assembly of HiSeq sequence reads

We de novo assembled the clean reads that were obtained from the Illumina Hiseq sequencing
using the velvet program, which assembles short reads using the De Bruijn graph, with six
different k-mers. Multiple k-mer assemblies generated a total of 1,372,996 sequence contigs.
Contig files from all the assemblies with k-mer lengths of 31, 41, 51, 61, 71 and 81 were
concatenated, and the redundant contigs generated by different k-mer assemblies were clus-
tered into the corresponding longest contigs using CD-HIT-EST. The concatenation resulted
in 504,839 non-redundant sequences. These sequences were further assembled again using
TGICL program with an identity of 99% across a minimum overlap of 100 bp to extend the
contigs and generated a final super assembly of 148,984 transcripts, including 68,589 extended
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and merged contigs and 80,395 unextended sequences. After filtering the transcripts with a
length of less than 200 bp, a total of 146,165 transcripts were assembled from the 169,282,312
quality HiSeq reads. We evaluated this assembly for various features. It has an N50 of 1,865 bp
with the largest transcript of 21,400 bp and an assembly size of 210,848,484 bp. A run of the
CEGMA program indicated that the root transcriptome assembled from the HiSeq reads had a
completeness of 90.32% for full-length CEGs and 92.4% for the partial CEGs. This super
assembly is used for the further analysis.

Anatomy of wheat root transcriptome

We analyzed the 146,165 transcripts of the wheat root transcriptome assembly developed from
the HiSeq reads by aligning with public databases to classify them regarding TE-origin and
coding capacity (Table 5). The HiSeq assembly was chosen due greater completeness as com-
pared to the FLX assembly. Alignment against the Triticeae Repeat database found that 6,692
assembled transcripts originated from or containing repetitive DNA sequences were expressed
in the root. These repeated sequences include 3,421 miniature inverted transposable elements
(MITESs), 2,401 retrotransposons, 659 DNA transposons, 35 Helitron and 176 transposable ele-
ments of unknown classes (Fig 3). Also, 495 transcripts were found to contain repetitive
sequences with transcript coverage of 90% or more, including LTRs, LINES, CACTA, Helitron
and unknown classes of transposable elements. Compared to other TE species, MITEs are
much smaller in size and mainly located in 3’ untranslated regions (UTRs).

To predict the ORFs in the 142,894 non-TE transcripts, we performed a BLASTx run
against various protein databases, and the BLASTx outputs were used with the findorf pro-
gram to predict the coding sequences (cds) and protein sequences encoded by the transcripts.
The program predicted ORFs in 116,833 transcript sequences, and the remaining 26,061
sequences had no coding capacity. Of the 116,833 ORF-containing transcripts, 4,727 sequences
had premature stop codons, and 18,000 sequences had frame-shifts in their ORFs, suggesting
that these 22,727 sequences were transcribed from pseudogenes. For the 94,106 transcripts
that contain normal ORFs, running an iterative step of findorf with the first ORF masked
found that 6,158 sequences contained a second ORF, suggesting that they were derived from
misassemblies during the de novo assembly process. Therefore, a total of 87,948 transcripts
contain unique ORFs. Further annotation of the 26,061 transcripts, from which no ORFs were
predicted by findorf, using outputs of BLASTx against NCBI nr database predicted ORFs in
9,987 transcripts. Of these 9,987 transcripts, 4,244 transcripts were found to be pseudogenes
with a frameshift or a premature stop codon in the ORF. And an iterative run with the masked
ORF sequence found 2,148 transcripts were containing a second ORF. Thus, 3,595 transcripts
were identified with a functional ORF, increasing the total transcripts with a predicted func-
tional ORF to 91,543. These transcripts were considered high-confidence (HC) protein-coding
transcripts.

Table 5. Anatomy of the wheat root transcriptome.

Categories Number of transcripts
TE-derived transcripts 3,271
Non-TE transcripts 142,894
Pseudogenes 26,971
Multiple ORF-containing transcripts 8,306
Protein—coding transcripts 91,543
Non-ORF transcripts 16,074
Total transcripts (>200 bp) 145,165

https://doi.org/10.1371/journal.pone.0205582.t005
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DNA_unknown, 8
LINE, 484

MITE, 3421
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Fig 3. Transposable elements expressed in root transcriptome. The pie chart presents the different classes of the transposable elements expressed in the root tissues.
The numbers after the transposon class are the number of transcripts in each class expressed in the root transcriptome. DNA_unknown, unknown DNA transposons;
MITE, miniature inverted-repeat transposable elements; LINE, long interspersed elements; and SINE, short interspersed elements.

https://doi.org/10.1371/journal.pone.0205582.9003

The findorf program did not predict any ORF in the remaining 16,074 transcripts. Using
TransDecoder (https://github.com/TransDecoder/TransDecoder), we identified only a single
putatively functional ORFs in 2,404 of these 16,074 transcript sequences based on the pfam
domain and the BLASTP hit against the SWISSPROT database. These 2,404 transcripts are
therefore considered low-confidence (LC) protein-coding transcripts.

The remaining 13,181 transcripts were left over without any predicted ORF present and
further analyzed using the potential coding calculator (CPC). Of the 13,181 transcripts, 189
showed coding potential with the score ranging from 3.999 to 0.008, 12,705 showed no coding
potential with a potential coding score ranging from -0.008 to -1.572, and 287 transcripts had
no results returned by CPC. Considering that LC proteins are not confirmed in other plant
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genomes and due to the very low CPC for the noncoding transcripts, they were pooled and
referred as non-ORF transcripts hereafter.

We aligned the 91,543 ORF-containing transcripts and 16,074 non-ORF transcripts with
the current version of the wheat genome assembly [7]. The results showed that 58,341 (63.7%)
OREF-transcripts found matches in whole genome sequence with >97% identity and >50%
length coverage. A majority (51,610) of these ORF-transcripts had hits in the predicted gene
models (S2 Fig), 6,252 ORF-transcripts did not show any sequence similarity to the predicted
c¢DNA sequences, and 536 showed no homology to the wheat genome assembly. Of the 16,074
non-OREF transcripts, 10,931 hit the whole genome sequences with the above criteria, and 360
did not show any match in the wheat genome assembly. Of the 10,931 matched non-ORF tran-
scripts, 2,343 hit the predicted cDNA sequences with same parameters and remaining 8,588
only found matches in the wheat genome assembly but not in the predicted cDNA, suggesting
that they are located either in the intergenic regions or introns. To further validate the 536
ORF-containing transcripts and 360 non-ORF transcripts that are not found in the IWGSC
(International Wheat Genome Sequencing Consortium) draft genome and gene models [7],
we did a BLASTn search of these sequences against the 5x wheat genome sequences assembled
using 454 sequencing platform [6]. Only 20 HC protein-coding transcripts and 43 non-ORF
transcripts were not found. These results indicate that almost all the ORF-containing and non-
OREF transcripts are present in the wheat genome, but the current wheat genome assembly and
annotation is incomplete.

To gain insights into the organ specificity of the transcripts, we aligned the wheat root tran-
scriptome assembly with the RNA-Seq reads from the aboveground tissues, i.e., leaf, stem,
spike, and grain, of wheat plants, which are deposited in NCBI SRA database. Results showed
that 6,222 (6.8%) of the 91,543 protein-coding transcripts and 834 (5.2%) of the 16,074 non-
coding transcripts did not show significant similarity, indicating that they are root specific.

Common wheat is a hexaploid species containing the A, B, and D genomes. During the de
novo assembly of the reads into transcripts, the reads corresponding to the homoeologous
genes can be merged into a single transcript rather than into separate transcripts due to high
sequence similarity between the homoeologous genes [6, 7]. In our assembly pipeline, we
merged multiple k-mer assemblies, which reduced the redundancy in the assembled contigs.
This strategy also merged homoeologs with high sequence similarity into one contig. With
available assembly algorithms and de novo assembly programs, however, it is difficult to assem-
ble highly similar sequences into separate contigs. Using the homoeolog separation pipeline
[41], we identified a total of 13,664,029 polymorphic reads corresponding to the 34,506 of the
91,543 assembled transcripts with a predicted functional ORF. These reads were assembled
into 115,692 homoeologous blocks using the phasing information provided by the hapcut
program.

To gain an understanding of the sub-genome specific expression of the assembled root
transcriptome, we pooled the chromosomes and the gene models in the draft genome into sub-
sets of the A, B, and D genomes and aligned the ORF-transcripts and the non-ORF transcrits
with them using the same parameters as above (Figs 4 and 5). The results showed that 52,486
OREF-transcripts and 8,737 non-ORF transcripts had a hit in the genome and that 55,704 ORF-
transcripts and 2,415 non-OREF transcripts had a hit and the cDNA. All these corroborate that
the current assembly and annotation is incomplete for each sub-genome.

In the 5,115 transcripts from the 454 assembly that were absent in the HiSeq assembly but
have a hit against the gene models from the wheat draft genome sequence, 2,203 transcripts
share a hit in the wheat gene models with a HiSeq transcript. These could be fragments of the
same gene or a homeolog. Only ten transcripts were the contigs, and the remaining 2,193 were
singletons. This indicated that these reads could have been generated from the low expression
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Fig 4. Venn diagram showing the distribution of protein-coding and non-ORF transcript nucleotide sequence alignment with the IWGSC draft genome
sequences separated into sub-genomes. A) Distribution of the alignment of protein-coding transcripts with the sub-genome separated chromosome sequences. B)
Distribution of the alignment of non-ORF transcripts with the sub-genome separated chromosome sequences. The sub-genomes A, B, and D are represented by color,
and the numbers within the circles indicate the number of transcripts aligned in each of the sub-genomes.

https://doi.org/10.1371/journal.pone.0205582.9004

genes resulting in a very low representation. The remaining 2,912 transcripts were predicted
for the ORFs using the findorf program, which identified 1,904 transcripts with an ORF. Of
these, 740 and 282 have frameshit and a premature stop codon, respectively, and 882 with an
OREF coding for a functional protein. Of the transcripts with a functional OREF, four transcripts
were the contigs generated by the newbler and the remaining 878 were the singletons. Thus,
the root transcriptome assembly contains 92,335 ORF-containing transcripts, 91,453 from the
HiSeq reeds and 882 from the FLX reads.

Functional annotation, classification, and comparative genomics

The assembled transcripts were annotated by aligning against the NCBI nr protein database.
Out of the 92,335 de novo assembled transcripts predicted with a functional ORF, which were
combined from the HiSeq assembly and the FLX assembly,86,477 (94.47%) transcripts have at
least one hit in the nr database, and 5,066 (5.53%) transcripts with a predicted ORF don’t have
a hit in the database. GO terms were assigned based on the annotation of the nr database, and
71,031 (77.59%) transcripts were assigned to at least one GO term. For 15,446 (16.87%) tran-
scripts, there is a hit in the nr database, but no GO term is assigned. For biological processes,
the top five GO groups account for >75% of the GO-assigned transcripts. These include mac-
romolecule metabolic (13,828), organic cyclic compound metabolic (10,080), cellular aromatic
compound metabolic (10,072), heterocycle metabolic (10,054) and cellular nitrogen com-
pound metabolic process (10,047) (Fig A in S3 Fig and S2 Table). For molecular functions, top
three GO groups, nucleoside phosphate binding (14,288), nucleic acid binding (9,987) and
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Fig 5. Venn diagram showing the distribution of protein-coding and non-ORF transcript nucleotide sequence alignment with the IWGSC cDNA sequences
separated into sub-genomes. A) Distribution of the alignment of protein-coding transcripts with the sub-genome separated cDNA sequences. B) Distribution of the
alignment of non-ORF transcripts with the sub-genome separated cDNA sequences. The sub-genomes A, B, and D are represented by color, and the numbers within the
circles indicate the number of transcripts aligned in each of the sub-genomes.
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transferase activity, transferring phosphorus-containing groups (6,412) account >42% of total
GO-assigned transcripts (Fig B in S3 Fig and S2 Table). The assembled root transcriptome has
6,594 transcripts coding for transcription factors (TFs) of 55 families. The C2H2 TF family is
the largest with 1,442 members followed by Myb-HB-like (601), bHLH (518), HAP3/NF-YB
(411) and AP2/EREBP (380) in the top five families (Fig 6 and S3 Table). For subcellular locali-
zation, 75.6% (42,785) predicted proteins are located in intracellular space, 18.4% (10,434) in
cell periphery, and 3.2% (1,811) in organellar lumen (Fig C in S3 Fig and S2 Table).

To further investigate the similarity of the wheat root transcriptome with the finished and
draft genomes of model plants and other crops, we aligned the root transcripts with proteins
sequences from Arabidopsis, Brachypodium, rice, sorghum, maize, Ae. taushii, and T. urartu
from NCBI and protein sequences for wheat and barley from RIKEN and MIPS using
BLASTx. The hits from each database are compared. In the finished genomes, 74,302 (81.16%)
transcripts had a match in all the genomes while 30, 96, 156, 286, 1,182 transcripts were unique
to Arabidopsis, sorghum, maize, rice, and Brachypodium, respectively. Whereas in the draft
genomes and ESTs, only 50,210 (54.84%) had a match owing to the incompleteness of the
genomes (Fig 7).

Differential expression analysis of root tip and the mature root tissues

The reads from the libraries corresponding to the root tip and the mature part of the root were
mapped to assembled transcripts, and their abundance was quantified in these two tissues. Of
the 107,617 transcripts (91,543 orf-transcripts + 16,074 non-ORF transcripts) assembled from
the HiSeq reads, a total of 1,728 transcripts were found differentially expressed between the
root tip and mature root tissues according to a comparison of expression levels with fold
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change (FC) > 2 and a false discovery rate (FDR) of < 0.05. Out of these 1,728, 1083 tran-
scripts were more abundant in root tips, and 645 transcripts were more abundant in the
matured part of the root. A search of the NCBI nr database and the Arabidopsis TAIR database
annotated 1,647 of the 1,728 differentially expressed transcripts (DETSs). Remaining 81 tran-
scripts had no annotation in both the databases, of which 27 transcripts have functional ORFs
but do not have a match in the two databases used, whereas 54 were non-OREF transcripts, rep-
resenting putative noncoding transcripts. Of the 27 transcripts containing ORFs but no anno-
tation, 18 were enriched in root tips and 9 in the mature root; and out of the 54 non-ORF
transcripts, 25 were enriched in root tips and 29 in mature root tissue.

Of the 1,728 DETs in the root tips, 82 transcripts were without any predicted ORF and con-
sidered noncoding. Interestingly, 41 transcripts were up-regulated and 41 down-regulated. For
15 transcripts upregulated in root tips transdecoder predicted single putative functional ORF
and for another six transcripts were predicted with more than one ORF. In the down-regulated
transcripts, 11 transcripts were predicted with a single ORF, and three transcripts were pre-
dicted with more than one ORF.

We annotated the DETs by BLASTx against the protein databases and mapped them onto
the metabolic pathways using MapMan. Full annotation of the DETs is listed in S4 Table and
an overview of the metabolic pathways in which the differentially expressed genes in root tip
and mature root were illustrated in Fig 8. Genes in several metabolic pathways showed consis-
tent differential expression, including fatty acid (FA) metabolism, secondary metabolism, gly-
colysis and tricarboxylic acid (T'CA) cycle, cell wall biosynthesis and degradation (Fig 8). A
total of 248 DET's were represented on the overview pathway map (Fig 8). Of the 248 mapped
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Fig 7. Venn diagrams showing the similarity of wheat root transcriptome with finished and draf genomes of model and crop plants. A) Comparision of the root
transcripts against the protein sequences of finished genomes. B) Comparision of root transcripts against the protein sequences of draft genomes and assembled ESTs.
Arabidopsis (TAIR v10); Rice (RGAP v 7); Brachypodium (Pyhtozome, Bd192); Sorghum (Phytozome, Sb79); Maize (Phytozome, Zm181); Ae. Taushii (Jia et al., 2012);
Urartu (Triticum urartu) (Ling et al,, 2013); Wheat_RIKEN_ESTSs and Barley_RIKEN-translated protein sequences from assembled ESTs at RIKEN (http://igenomeinfo.
riken.jp/English/database_e.html#18); Barley_MIPS-protein sequences from barley genome from MIPS (ftp://ftpmips.helmholtz-muenchen.de/plants/barley/public_data/).

https://doi.org/10.1371/journal.pone.0205582.9007

transcripts, 51 were involved in the secondary metabolism, 43 in lipid metabolism, 38 in cell
wall metabolism, 23 in amino acid metabolism, 20 in starch and sucrose metabolism, 20 in
minor carbohydrate metabolism, 13 in glycolysis and TCA cycle and 15 in the mitochondrial
electron transport pathway.

Root tips include apical meristem, which maintains the high activity of cell division. In
agreement with this, a significant number of up-regulated transcripts in the root tips were
involved in the protein synthesis. These transcripts encode the ribosomal subunit proteins (93
transcripts), translation (52 transcripts), chromatin structural proteins like histone proteins
(39 transcripts), RNA binding and splicing components (27 transcripts), transcription factors
(25 transcripts), and transport (21 transcripts) (54 Table). Several metabolic pathways were
up-regulated in root tips: TCA cycle and mitochondrial electron transport pathways, FA syn-
thesis, terpene synthesis, and biosynthesis of aromatic amino acids Phe, Tyr and Trp. In con-
trast, mature root mainly functions in cell elongation, differentiation, the formation of root
hairs and lateral roots and transportation of water and minerals. Accordingly, nine genes in
the phenylpropanoid pathway for lignin biosynthesis were enriched in the mature root tissue
in agreement with its function in water conduction. These include those encoding a phenyl
ammonia lyase (PAL), a 4-hydroxycinnamoyl CoA ligase (4CL), a hydroxycinnamoyl-Coen-
zyme A shikimate/quinate hydroxycinnamoyltransferase (HCT), a cinnamoyl-CoA reductase
(CCR), a Caffeate O-methyltransferase (COMT) and four 4CL-like proteins. Except for the
COMT, expression of these genes was induced in mature root tissues. Closely related to phe-
nylpropanoid pathway, expression of the flavonoid pathway genes was also increased in the
mature root. Pathways for FA degradation and biosynthesis of polar uncharged amino acids,

Ser, Gly, and Cys, were also up-regulated in root tips (S4 Table).
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Of the metabolites, carbohydrate metabolism regulates root development in numerous
ways apart from providing energy and structural components, including gravitropism,
osmotic adjustment, and sugars that often act as regulatory signals and are required for lateral
root initiation. We found that 22 transcripts corresponding to the different enzymes in the
starch and sucrose metabolism were differentially expressed in root tips and mature root tis-
sues (Fig 8). Transcripts (TC039764, TC088166, and TC088167) encoding for the AGPases,
starch synthases and starch branching enzymes in the starch biosynthesis pathway were
induced or up-regulated in the root tips. At the same time, transcripts encoding enzymes of
starch degradation, such as starch D enzyme, starch phosphorylase, and heteroglycan glucosi-
dase were induced in the root tips, indicating active starch metabolism in the root tip tissue. In

PLOS ONE | https://doi.org/10.1371/journal.pone.0205582 November 5,2018 17/27


https://doi.org/10.1371/journal.pone.0205582.g008
https://doi.org/10.1371/journal.pone.0205582

®PLOS | one

Wheat root transcriptomes

another aspect, three transcripts (TC001776, TC071737, and TC110592) encoding sucrose
synthase were induced in the mature root.

Phytohormones, particularly auxin, brassinosteroids (BRs), jasmonic acid (JA) and abscisic
acid (ABA), regulate almost every aspect of root development and growth. Numerous tran-
scripts encoding hormone biosynthetic enzymes and transporters were also differentially tran-
scribed between root tips and the mature root portion. Five auxin-promoting transcripts, one
encoding the auxin efflux carrier PINFORMED 2 (PIN2), similar to OsPIN2 of rice and
AtPIN7 of Arabidopsis, and four coding for an auxin-inducible 5NG4/Nodulin21-like protein
(TC144456) and O-fucosyltransferases, were up-regulated in the root tip compared to the
mature root. In contrast, six auxin-suppressing transcripts, three encoding Aux/TIAA proteins
homologous to OsIAA2, OsIAA6, and OsIAA21 of rice, and three coding for indole-3-acetic
acid (IAA)-amido synthase-like proteins, which prevent free IAA accumulation, were up-regu-
lated in the mature root. Downstream in the auxin pathway, two transcripts, TC056398 and
TC018213, encoding SMALL AUXIN UPREGULATED (SAUR) proteins were differentially
expressed with the former induced in the root tip and the latter induced in the mature root.
Three transcripts encoding ATP binding cassette subfamily B/multi-drug-resistance/P-glyco-
protein (ABCB/MDR/PGP) were up-regulated in the root tips. These proteins were identified
to create the auxin gradient together with other auxin influx carriers [46]. In the BR biosynthe-
sis pathway, three transcripts, two for cycloartenol synthases and one for the DWF1 protein,
which is involved in the conversion of early brassinosteroid precursor 24-methylenecholesterol
to campesterol [47], were up-regulated in the root tips. These results suggest that a higher
auxin and BR level is maintained in root tips compared to the matured zone. In the JA signal-
ing pathway, three transcripts encoding the sulfotransferases similar to AtST2A, a protein
involved in the reduction of the endogenous levels of 12-OH-JA (a by-product of switching off
JA signaling) [48], were up-regulated in the mature root, suggesting an opposite pattern for JA
as compared to auxin and BRs. A complicated scenario was observed for the ABA biosynthetic
pathway. Three transcripts homologous to Arabidopsis ABA DEFICIENT 2 (ABA2)/SHORT--
CHAIN DEHYDROGENASE/REDUCTASE 1 (SDR1) and one homologous to aldehyde oxi-
dase 2 (AAQO2), a putative ABA aldehyde oxidase that may be functional in the last step of
ABA biosynthesis [49], were induced in the mature root. Two transcripts coding for TETRA-
TRICOPEPTIDE-REPEAT THIOREDOXIN-LIKE 1 (TTL1) were up-regulated in root tips.
TTLI in Arabidopsis is required for elongation and organization of the root meristem and is
involved in ABA signaling [50]. Two transcripts encoding for cytokinin receptor HISTIDINE
KINASE 3 were induced in the mature root.

Transcription factors (TFs) are important regulators of gene expression. Expression of 112
transcripts encoding TFs of 21 families was altered in wheat root along the longitudinal axis.
The major classes include AP2, bHLH, bZIP, MYB and MYB-related, homeodomain (HD),
NAC families, and numbers and expresstion patterns of these TF transcripts are shown in Fig
9. Notably, all 38 members of nine TF families, including three members of the GRAS family
and 28 members of the NF-YB family, were induced in the root tips. By contrast, all 21 mem-
bers of five TF families, including 12 members of the NAC family, four members of the HD
family, were only induced in the mature root tissue. For the remaining seven TF families, such
as the MYB family, 28 members were up-regulated, and 25 members were down-regulated in
root tips (Fig 10). Several differentially expressed TFs are homologous to the known genes
functioning in root development in the model plants, including two members of the
STY-LRP1 family upregulated in the mature root tissue, suggesting their involvement in lateral
root development. Of the four members of the AP2 family that up-regulated in root tips, three
are homologous to AINTEGUMENTA-like 5 of Ae. taushcii (AIL5; EMT02119) and another
homologous to BABY BOOM 2 (BBM2; EMS64473) of T. urartu. Two transcripts encoding
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for the ARFs homologous to AUXIN RESPONSE FACTOR 6 Arabidopsis thaliana (AtARF6)
were up-regulated in root tip, and another transcript encoding for ARF homologous to
AtARF11 was induced in mature root part. One transcript (TC084552) encoding the Argo-
naute family member homologous to AtAGO4 that is associated with 24-nt smallRNA and
involved in RNA dependent DNA methylation [51] was induced in root tips.

Discussion

Growing and functioning underground complicates root studies by using traditional
approaches, leaving a gap in our understanding of wheat development and growth. Transcrip-
tome analysis by RNA-Seq technology promises new opportunities for studying root develop-
ment. RNA-Seq technology has been used to characterize the response of wheat root
transcriptome to phosphate starvation [52] and infection of Gaeumannomyces graminis var.
tritici, a pathogen of take-all root rot disease [53], but a reference transcriptome of wheat root
and developmental expression pattern are not available. The present study developed and
characterized a de novo assembly of wheat root transcriptome containing 94,106 transcripts
that contain unique ORFs and identified 1,728 differentially expressed transcripts between the
root tip and mature root tissues. All this will provide a global view of wheat root transcriptome
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and start point for a molecular understanding of root development and improving soil-related
stress tolerance in a reverse genetics approach.

Root transcriptome assemblies

We assembled the FLX reads into a transcriptome of 19,123 Newbler contigs with >50% com-
pleteness and the HiSeq reads into a transcriptome of 146,165 transcripts with >90% complete-
ness. For the FLX reads, the Newbler assemblies performed better overall on the statistics
metrics than TGICL and Mira. Compared to the recently reported transcriptome assemblies of
wheat [19], barley [54], Persea Americana [55] and smooth cordgrass [56], our Newbler assem-
bly showed comparable or even better statistic metrics including N50 value and percentage of
assembled reads. Compared to the Newbler assembly of the pyrosequencing reads, the assembly
of the HiSeq reads had a much greater N50 value, assembly size, and completeness mainly due
to the large read number. A total of 1,749 transcripts from the HiSeq assembly found matches
in the wheat genome sequences but did not get hits in the publicly available RNA-Seq reads
from the wheat roots. This discrepancy is mainly due to the enrichment of them in root tips by
separation of root tips from the rest of the root in the present study. All these corroborate sound
quality and high content of information of the HiSeq assembly of the wheat root transcriptome.
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Common wheat is a hexaploid species with A, B, and D genomes and a total of 94,000 to
120,000 protein-coding genes [6, 7]. Of the 91,543 transcripts, 34,506 were separated into
115,692 homoeologous blocks. If each of these 34,506 transcripts was derived from merging of
at least two homoeologous transcripts, the total number of transcripts in the root assembly
would be >126,049, excessing the total gene number, implying the existence of isoforms of
transcripts due to alternative splicing, which is enhanced in polyploid wheat [57]. In another
aspect, 6.8% protein-coding transcripts did not find a match in the current assembly of the
wheat genome, indicating the incompleteness of wheat genome assembly. In these respects,
the wheat root transcriptome assemblies from this research can be used for improving wheat
genome assembly and annotation.

Of the 146,165 transcripts in the final assembly of the HiSeq reads, 91,543 transcripts con-
tain predicted functional ORFs, 26,971 transcriptes were transcribed from pseudogenes, and
13,181 transcripts have no coding capacity and do not show homology to degenerated TEs,
suggesting that they were transcribed as polyadenylated long non-coding RNAs (IncRNAs)
(Table 5). The high percentage of pseudogenic transcripts in the wheat root transcriptome is
consistent with the discovery that of the 7,264 predicted protein-coding genes on wheat chro-
mosome 3B, 1,938 (26.7%) are pseudogenes or gene fragments [58], and 1,060 (54.7%) of them
are transcriptionally active [59]. While the function of pseudogenes in plant remains poorly
characterized, LncRNAs condition gene expression in plants by regulating histone modifica-
tion, transcription machinery, RNA processing machinery and posttranscriptional [60]. The
13,181 IncRNA transcripts, particularly the 55 IncRNA transcripts differentially expressed
between root tip and mature root, are an important resource for studying IncRNA regulation
of root development.

Gene expression and root development

Although root has a much simpler anatomical structure as compared to the shoot and flower,
it grows in a very different environment, underground, implying the existence of root-specific
expression patterns including a set of root-specific genes. We found that 6.8% of the protein-
coding genes are specifically expressed in root, not in the aboveground portion of wheat plants.
Further characterization of these root-specific genes using reverse genetics approaches will
shed new light on root development.

Current assembly of wheat root transcriptome contains 91,543 HC protein-coding tran-
scripts and 16,074 non-ORF transcripts, but only a small fraction of the transcriptome, 1.17%,
was differentially expressed in the root tip and mature root tissues, similar to the result
obtained in rice [61]. In rice, 1,761 of the 2,067 DETs showed higher transcription level in the
mature root tissue [61]. Opposite to the finding in rice, 1,083 of 1,728 wheat DETs were up-
regulated or induced in the root tips.

Root tip and mature root tissues differ in several functional aspects, and these differences
are reflected at the transcriptome level. First of all, root tips contain apical meristem for main-
taining cell division capacity. Consistent with this, several TFs for maintaining meristem inde-
terminacy, such as GRAS TFs homologous to AtHAM?2 and AtHAM3 of Arabidopsis [62] and
AP2 TFs homologous to AIL5 [63] and BABY BOOM [64], were up-regulated in root tips.
Besides, numerous genes related auxin transport and response are up-regulated in root tips
and auxin catabolic, and auxin signal suppressor genes were down-regulated in root tips. BR is
critical in the regulation of cell expansion [65], and increased expression of three BR biosyn-
thetic genes in root tips was probably due to the partial inclusion of elongation zone in the
root tip samples. Another important function of root tips is to percept gravitropism, which is
achieved through starch statoliths [66]. In agreement with this function, transcription of 19
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starch metabolic genes was up-regulated in root tips (Fig 8). In another aspect, the matured
root part mainly functions in transporting water and minerals, which is achieved by develop-
ment of lateral roots, root hairs, and vascular system. For lateral root development, four lateral
root-promoting TF genes including two LRP1 [67], a KUODAL [68], and an AtNAC1 homo-
log, were up-regulated in the mature zone, and an AtMBY93 of Arabidopsis, a negative regula-
tor of lateral root [69], was down-regulated in the mature zone. Increased expression of
sucrose synthase in the mature zone may also be related to lateral root development as seen in
soybean [70]. Another difference in the mature zone from root tips lies in the differentiation
of vascular bundles. In this respect, nine lignin biosynthetic genes and a homolog of SECOND-
ARY WALL-ASSOCIATED NAC DOMAIN PROTEIN 2, encoding a NAC TF activating the
lignin biosynthetic genes [71], were up-regulated in the mature root portion.

Development of the root transcriptome assembly and identification of the DETs lay a foun-
dation for molecular studies of wheat root biology and for improving soil-borne stress toler-
ance. In this respect, the recent development of sequence-cataloged TILLING libraries [72]
will be very helpful in validating the function of DETs and homologs of root regulators identi-
fied in the model plant Arabidopsis and rice. Genome editing technologies also can be used for
targeting the candidate genes in wheat for functional validation [73].

In summary, we assembled a wheat root transcriptome containing 92,335 protein-coding
and 16,074 non-ORF transcripts, 6.8% and 5.2% of which, respectively, are root specific.
Approximate 6.8% of coding transcripts and ~2.2% of non-ORF transcripts were not found in
the current wheat genome assembly. We also identified 1,728 transcripts differentially tran-
scribed in root tip and mature root tissues. Annotation of these DETs provides a blueprint of
molecular regulation of wheat root development. Thus, they are important candidates for in-
depth analysis of wheat root development by TILLING, genome editing or other reverse genet-
ics approaches.
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