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a  b  s  t  r  a  c  t

The  residue  of atrazine  (a herbicide)  has  become  hazards  in environments  due  to  its intensive  use.  How-
ever, its molecular  toxicity  to  on  plants  and  human  beings  is not  fully  understood.  In this  study,  we
performed  high-throughput  sequencing  of  atrazine-exposed  rice  (Oryza  sativa)  to  analyze  global  expres-
sion and  complexity  of  genes  in  the  crop.  Four  libraries  were  constructed  from  shoots  and  roots  with  or
without atrazine  exposure.  We  sequenced  5,751,861,  5,790,013,  5,375,999  and  6,039,618  clean  tags  that
corresponded  to 220,806,  111,301,  248,802  and  114,338  distinct  tags  for Root-Atr  (root  control,  atrazine-
free),  Shoot-Atr  (shoot  control,  atrazine-free),  Root  + Atr (root  treated  with  atrazine)  and  Shoot  +  Atr
(shoot  treated  with  atrazine)  libraries,  respectively.  Mapping  the  clean  tags  to gene databases  generated
18,833–21,007  annotated  genes  for each  library.  Most  of  annotated  genes  were  differentially  expressed
among  the  libraries.  The  most  40 differentially  expressed  genes  were  associated  with  resistance  to envi-
oxicology ronmental stress,  degradation  of  xenobiotics  and molecular  metabolism.  Validation  of  gene expression
by  quantitative  RT-PCR  confirmed  the  deep-sequencing  results.  The  transcriptome  sequences  were  fur-
ther subjected  to Gene  Orthology  (GO)  and  Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG)  analysis
and  showed  modified  biological  functions  and  metabolic  pathways.  Our  results  not  only  highlight  the
transcriptional  complexity  in  rice  with  atrazine  but  also  represent  a major  improvement  for  analyzing

n a la
transcriptional  changes  o

. Introduction

The development of human civilization is at the price of envi-
onmental contamination. An intensive agriculture over the last
ecades has led to dramatically elevated input of herbicides (or
esticides) into arable soils [1].  Herbicides are indispensable for
odern agriculture in most of countries. They are designed to kill
eeds through specific mechanisms, but not specific to their tar-

ets. Moreover, when practically used, herbicides are also accumu-
ated in soils where crops are growing. The accumulated herbicides
n crops not only exert detrimental effects on crop itself, but also are
ery harmful to its ecosystems. Due to their emission into environ-

ents, toxic herbicides have become global environmental prob-

ems. Recent studies have shown that herbicides applied to soils are
requently detected as pollutants in lakes, rivers and even coastal
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marine waters [1–7]. The mobility of herbicides into groundwa-
ter via soil media has become one of the primary approaches
leading to the widespread contamination to ecosystems [8,9]. The
massive hazardous materials not only affect the quality of crops
which directly accumulate herbicides, but also serve as a food chain
threatening human health. As they are readily uptaken by crops
[10–13], overload of herbicides into crops is most likely to disrupt
many biological processes. Thus, it is of great importance to dissect
the toxicological and adaptive response to herbicides.

Atrazine (2-chloro-4-ethylamine-6-isopropylamino-S-triazine)
is a herbicide widely used for killing broadleaf weeds or selec-
tive grasses. Currently, commercial usage of atrazine has been
cancelled in the European Union and United States due to its per-
sistent nature in ecosystems and potential genotoxicity to human
beings [14]. But, it is still utilized in developing countries. Com-
pared to other species, the toxicity of atrazine may not be so
high but its persistence in ecosystems may  result in high inci-

dence of cancer [15–17].  In higher plants, atrazine interacts with
proteins of Photosystem II at the plastoquinone B binding site
and blocks photosynthetic electron transport to generate reactive
oxygen species, which consequently damage the photosynthetic

dx.doi.org/10.1016/j.jhazmat.2012.03.041
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hongyang@njau.edu.cn
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located next to NlaIII restriction site, and only one mismatch was
8 J.J. Zhang et al. / Journal of Hazar

achinery [18]. The gramineous crop is the major target, such
s rice that may  take up a great deal of atrazine from paddy
oils [19,20].  Plants have developed sophisticated strategies to
inimize the adverse impact from organic xenobiotics. Several
echanisms for catabolism and detoxicification of herbicides have

een proposed [21]. For instance, cytochrome P450 monooxy-
enases (P450s) and glutathione S-transferases (GSTs)-mediated
atabolic processes have been implicated as a pathway to degrade
bsorbed pesticides [22]. Recently, a glucosylation-based pesti-
ide degradation pathway has been characterized in plants [23].
erbicide-triggered gene expression and altered metabolic path-
ays appear to be a basic model used for studying responses of
lants to xenobiotics.

Understanding of gene expression and networks that coordinate
daptive responses to toxic contaminants is the first step to dissect
he genetic and molecular basis for plant tolerance to pesticides.
ecent studies demonstrate that genome-wide analysis of gene
xpression has resulted in identification of many biological pro-
esses of pesticide accumulation, translocation, and degradation
n living things [24,25]. For example, the microarray based anal-
sis of transcriptome provides insights into gene expression and
iRNA regulatory pathways under pesticide stress [26]. In addition,
ore than one hundred genes have been profiled in Arabidopsis

xposed to five herbicides [27]. Also, using microarray many tran-
cripts were shown to be involved in pathways leading to stress,
etoxification, innate immunity, and lipid transport in C. elegans
ith chlorpyrifos and diazinon [28]. These results indicate that

enome-wide analysis can help to understand the entire herbicide-
esponsive molecular events. However, the gene chip technique has
ecome more challenging when dealing with the more inventories
f gene species, as such that the genes represented by unspe-
ific probe sets and with low expression levels can not be readily
etected. Recently, the deep-sequencing technology has become a
owerful tool to permit the concomitant sequencing of millions of
ignatures and identify specific and enriched genes expressed in a
ingle tissue [29,30]. This approach also highlights the benefits of
roviding more thorough qualitative and quantitative description
f gene expression.

Rice (Oryza sativa)  is one of the most importantly econom-
cal crops because it provides the major portion of calories for
uman diet in Asia and other parts of the world. It is a model
pecies with completed genomic sequences and subjected to fre-
uent exposure to various herbicides. Also, it is an excellent species
or studying the molecular and genetic complexity of pesticide tol-
rance [20,31]. Like other food crops, rice is easy to accumulate
esticides, and the contamination may  in turn pose detrimental
ffects on human beings [32,33]. With exception of examining phy-
otoxicity of atrazine, very little is known about the molecular

echanisms involved in regulation of plant response to the herbi-
ide. Toward this end, we present the first genome-wide analysis of
ranscriptome in rice exposed to atrazine using recently developed
igh-throughput sequencing technology. The goal of this study is
o: (1) establish a platform to characterize gene expression on a
arger scale that can facilitate detailed characterization on genes
egulating crop toxicological responses to atrazine; (2) quantify
he transcript abundance in the species under atrazine exposure;
nd (3) uncover the networks of genes enriched for regulating rice
esistance to the herbicide.

. Materials and methods

.1. Plant treatments
Uniform seeds of rice (O. sativa L. Japonica) were sterilized with
% H2O2, rinsed thoroughly with distilled water and germinated in
arkness on a floating plastic net. After germination, seedlings were
aterials 219– 220 (2012) 57– 68

hydroponically grown in a growth chamber under the conditions of
24/20 ◦C (day/night), 300 �mol m−2 s−1 artificial illumination (14 h
photoperiod) and 70% humidity [34]. After growing for 4 d, they
were treated with 0 (control) and 0.4 mg  L−1 atrazine for 2, 4 and 6 d,
respectively. When harvested, the roots and shoots were separately
collected for following analysis.

2.2. RNA isolation

Total RNA was extracted from shoots and roots using Trizol
(Invitrogen, Carlsbad, CA) following the manufacturer’s instruc-
tions. Four libraries were constructed, including two libraries of
Shoot-Atr (shoot control, atrazine-free) and Root-Atr (root control,
atrazine-free), which were generated from the RNA pool derived
from tissues treated with 0 mg  L−1 atrazine for 2, 4 and 6 d, and the
other two  libraries of Shoot + Atr (shoot treated with atrazine) and
Root + Atr (root treated with atrazine), which were generated from
the RNA pool derived from samples treated with 0.4 mg l−1 atrazine
for 2, 4 and 6 d. Ten �g RNA samples were incubated for 15 min
at room temperature with 1 unit of DNaseI (Takara) to remove
residual genomic DNA and incubated with 1 �L of 20 mM EDTA for
DNaseI inactivation at 65 ◦C for 10 min. One % agarose gel (Biowest)
buffered by Tris-acetate–EDTA was  run to indicate the integrity of
RNA. All RNA samples were quantified and examined for protein
contamination (A260 nm/A280 nm ratios) and reagent contamination
(A260 nm/A230 nm ratios).

2.3. Library sequencing and data processing

The 3′-tag digital gene expression libraries were prepared using
the Illumina Gene Expression Sample Prep Kit [30]. Briefly, 6 �g
total RNA was used for mRNA capture with magnetic oligo (dT)
beads. The first and second strand cDNA was synthesized, and
the stranded bead-bound cDNA was  subsequently digested with
NlaIII. The 3′-cDNA fragments attached to the oligo(dT) beads were
ligated to the Illumina GEX NlaIII Adapter 1, which contained a
recognition site for Endonuclease MmeI  for cutting 17 bp down-
stream of the recognition site (CATG) to produce tags with adapter
1. After removing 3′ fragments with magnetic bead precipitation,
an Illumina GEX adapter 2 was  introduced to the site of MmeI
cleavage. The resulting adapter-ligated cDNA tags were amplified
using PCR-primers that were annealed to the adaptor ends for 15
cycles. The 85 base fragments were purified and recovered by 6%
polyacrylamide Tris-borate–EDTA gel. The final quality of tagged
sequences was checked by Agilent 2100 Bioanalyzer. The four con-
structed tag libraries underwent Illumina proprietary sequencing
chip (flowcell) for cluster generation through situ amplification and
was deep-sequenced using Illumina Genome Analyzer. Image anal-
ysis, base calling and quality calibration were performed using the
Solexa Automated Pipeline, after which the raw data (tag sequences
and counts) were produced.

Both raw sequence reads and low quality tags (e.g. <21 nt
short tags and those sequenced only once) were removed based
on the Illumina pipeline. The remaining high quality sequences
were mapped to rice cDNA (ftp://plantbiology.msu.edu/pub/data/
Eukaryotic Projects/o sativa/annotation dbs/pseudomolecules/
version 6.1/all.dir/all.cDNA) by SOAP. Both sense and antisense
sequences were included in the data collection for analyzing
the mapping events. All expressed tags were mapped onto a
preprocessed database of 17 bases-long sequences of rice cDNA
allowed. Tags mapped to more than one transcript were excluded
from our analysis. When multiple types of tags were aligned to
different positions of the same gene, the gene expression levels
were represented by the summation of all.

ftp://plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_6.1/all.dir/all.cDNA
ftp://plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_6.1/all.dir/all.cDNA
ftp://plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_6.1/all.dir/all.cDNA
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Table  1
Categorization and abundance of tags. Clean tags are tags after filtering dirty tags (low quality tags) from raw data. Distinct tags are different kinds of tags. Unique tags are
the  remainder clean tags after removing tags mapped to reference sequences from multiple genes.

Summary Root-Atr Shoot-Atr Root + Atr Shoot + Atr

Raw tag Total 5,947,872 5,919,794 5,760,941 6,178,993
Distinct tag 416,479 240,381 633,553 253,194

Clean  tag Total number 5,751,861 5,790,013 5,375,999 6,039,618
Distinct tag number 220,806 111,301 248,802 114,338

All  tag mapping
to gene

Total number 3,974,387 5,218,627 2,747,026 5,170,922
Total % of clean tag 69.10% 90.13% 51.10% 85.62%
Distinct tag number 91,020 75,008 62,770 73,862
Distinct tag % of clean tag 41.22% 67.39% 25.23% 64.60%

Unique tag
mapping to gene

Total number 3,826,628 5,044,865 2,649,727 4,985,203
Total % of clean tag 66.53% 87.13% 49.29% 82.54%
Distinct tag number 87,230 71,826 60,116 70,818
Distinct tag % of clean tag 39.51% 64.53% 24.16% 61.94%

All  tag-mapped
genes

Number 24,377 22,753 22,227 22,603
%  of ref genes 42.92% 40.06% 39.13% 39.80%

Unique tag-mapped
genes

Number 21,007 18,827 19,358 18,833
%  of ref genes 36.99% 33.15% 34.08% 33.16%

Mapping to genome Total number 737,878 302,087 405,603 399,700
Total % of clean tag 12.83% 5.22% 7.54% 6.62%
Distinct tag number 32,506 20,773 20,759 21,605
Distinct tag % of clean tag 14.72% 18.66% 8.34% 18.90%

Unknown tag Total number 1,039,596 269,299 2,223,370 468,996
8.07% 
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Atr, Shoot-Atr, Root + Atr and Shoot + Atr libraries, respectively,
were obtained. Analysis of the total and distinct clean tag counts
revealed that their distribution was  very similar within the four
libraries (Fig. 1). Among the distinct tags, less than 8% had the copy
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OsShoot-Atr total tags

OsShoot-Atr distinct tags

OsRoot-Atr total tags

OsRoot-Atr distinct tags

OsShoot+Atr total tags

OsShoot+Atr distinct tags

OsRoot+Atr total tags

OsRoot+Atr distinct tags
Total % of clean tag 1
Distinct tag number 97,28
Distinct tag % of clean tag 4

.4. Quantitative RT-PCR analysis

Total RNA was extracted from tissues using column plant
NAout Kit (Tiandz). The reverse transcription of the total RNA was
arried out at 42 ◦C and the 25 �L reaction mixture containing �g
NA, 0.5 �g oligo (dT) primers, 12.5 nmol dNTPs, 12.5 units of RNase

nhibitor and 5 units of M-MLV  reverse transcriptase (Takara). The
uantitative RT-PCR was performed on a MyiQ Single Color Real-
ime PCR system (Bio-Rad) in a final volume of 20 �L containing

 �L of a 1/10 dilution of cDNA in water, 10 �L of the 2 × SYBR Pre-
ix  Ex Taq (TaKara) and 200 nM of forward and reverse primers

Supplemental Table S3).  The thermal cycling conditions were 1
ycle of 95 ◦C for 30 s for denaturation and 40 cycles of 95 ◦C for 5 s
nd 60 ◦C for 34 s for annealing and extension. All reactions were
un in triplicate by monitoring the dissociation curve to the con-
rol dimers. PCR efficiency was determined by a series of 2-fold
ilutions of cDNA [30]. Ubiquitin (Os03g13170.1) gene was  used
s a normalizer and relative expression levels of genes were pre-
ented by 2−�CT (�CT is the differences of CT between the control
biquitin products and the target gene products).

.5. Statistical evaluation

Each result in this study was the mean of three replicated
reatments and each treatment contained at least 15 seedlings. Sta-
istical analysis was performed to identify differentially expressed
enes between the libraries using a rigorous algorithm described
reviously [35]. The statistical t-test was used to identify genes
xpressed between libraries. We  used stringent value false discov-
ry rate (FDR) < 0.001 and the absolute value of log2 ratio ≥ 1 as the
hreshold to judge the significant difference of gene expression.

. Results
.1. Transcriptome profiling of atrazine-free and -treated libraries

We used the Solexa Genome Analyzer to perform high-
hroughput tag-sequencing (Tag-seq) analysis on poly (A)-enriched
4.65% 41.36% 7.77%
15,520 165,273 18,871

13.94% 66.43% 16.50%

RNAs from four libraries derived from atrazine-free and -treated
roots and shoots of rice (O. sativa).  The total number of tags for Root-
Atr (atrazine-free), Shoot-Atr (atrazine-free), Root + Atr (treated
with atrazine) and Shoot + Atr (treated with atrazine) was 5.94,
5.92, 5.76 and 6.18 million, respectively (Table 1). The number
of tags entitled with distinct tags ranged from 0.24 to 0.63 mil-
lion. After removal of the low quality tags, a total of 5,751,861,
5,790,013, 5,375,999 and 6,039,618 clean tags, that corresponded
to 220,806, 111,301, 248,802 and 114,338 distinct tags for Root-
Tag copy number

Fig. 1. Distribution of total clean tag (filled) and distinct clean tag (open) counts
over different tag dance categories from the four libraries of Oryza sativa (Os) with
or  without atrazine (Atr).
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Table  2
The number of sense and antisense transcripts among the four libraries. Sense or antisense gene expression alone or co-expression of both was presented.

Root-Atr Shoot-Atr Root + Atr Shoot + Atr

Sense 20,145 18,282 18,750 18,334
Sense  of ref gene (%) 35.47% 32.19% 33.01% 32.28%
Antisense 14,095 11,285 9928 10,685
Antisense of ref gene (%) 24.82% 19.87% 17.48% 18.81%
Antisense with sense co-expressed 13,233 10,740 9320 10,186
Antisense expressed only 862 545 608 499
Sense  with antisense co-expressed (%) 65.69% 58.75% 49.71% 55.56%
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Total  genes 21,007 

umber higher than 100 counts and approximate 31.40–38.17% of
he tags were present between 5 and 100 copies, while the most
bundant distinct tags (54.20–64.52%) were presented between 2
nd 5 copies.

Matching the tags to genes is a first step to annotate sequences
hat illustrates which gene is expressed in response to atrazine.
he clean tags were aligned to the reference rice database
ftp://plantbiology.msu.edu/pub/data/Eukaryotic Projects/o sativa
annotation dbs/pseudomolecules/version 6.1/all.dir/all.cDNA).
or Root-Atr, Shoot-Atr, Root + Atr and Shoot + Atr libraries, a total
f 87,230, 71,826, 60,116 and 70,818 distinct tags can be matched
o the reference genes (Table 1). This finally resulted in generation
f 21,007, 18,827, 19,358 and 18,833 unique tag-mapped tran-
cripts for Root-Atr, Shoot-Atr, Root + Atr and Shoot + Atr libraries,
espectively (Table 1 and Table 2).

The sequencing saturation for the four libraries was  analyzed
o estimate whether the sequencing depth was sufficient for
he transcriptome coverage. It was shown that genes mapped
y unambiguous tags increased with the total number of tags.
hen sequencing counts were 3 M or more than 3 M,  the num-

er of detected genes was saturated (Supplemental Fig.S1). We
urther analyzed distribution of the distinct tag number in each
air of libraries and found that more than 94% distinct tags had

 ratio within 5 folds (Supplemental Fig.S2).  In this study, we

equenced a large proportion of antisense genes, with 17.5–24.8%
eing matched by the reference genes for the four libraries (Table 2;
upplemental Table S1).  These antisense genes may  be expressed
oordinately with sense genes.

ig. 2. Analysis of tag-mapped transcripts within the four libraries. Venn diagram of the
hose  expressed in both libraries (Atr: atrazine).
18,827 19,358 18,833

3.2. Variation of numerous genes expressed in different libraries

We matched the unique tags from each library to the reference
gene sequences. Analysis of the four libraries showed that Root-Atr,
Shoot-Atr, Root + Atr and Shoot + Atr had 20,145, 18,282, 18,750 and
18,334 sense transcripts, respectively (Table 2). There were 21,007
and 18,827 transcripts detected from control roots (Root-Atr) and
shoots (Shoot-Atr). Between the two libraries, 16,679 existed in the
both libraries, and 3466 were present only in Root-Atr and 1603 in
Shoot-Atr library (Fig. 2A), indicating that under normal condition
more transcripts were expressed in roots than in shoots. It is shown
that fewer transcripts were found in atrazine-treated roots than
the control (atrazine-free roots) (Fig. 2B). By contrast, the shoots
had more transcripts under atrazine exposure than those of non-
atrazine exposure (Fig. 2C). We  also found the change in the number
of transcripts between Root + Atr and Shoot + Atr (Fig. 2D). The var-
ied transcripts within the libraries indicate that expression of the
genes was  altered under atrazine stress.

3.3. Regulation of gene expression by atrazine

Variations of gene expression between two libraries give
insights into the molecular events involved in plant tolerance to
atrazine toxicity. To understand each gene expression within the

libraries, we analyzed the transcript abundance of tag-mapped
genes in our datasets by counting the number of transcripts per
million (TPM) clean tags. We  normalized the read density mea-
surement, and then used false discovery rates (FDRs) < 0.001 and

 quantitative genes classification into those specifically expressed in one library or

ftp://plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_6.1/all.dir/all.cDNA
ftp://plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_6.1/all.dir/all.cDNA
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Table  3
Differentially expressed genes between libraries. All unique tag-mapped genes were examined for their expression differences between the different libraries. Numbers of
differentially expressed genes represent across sense transcripts, using threshold values FDR < 0.001 and |log2 ratio| ≥ 1 for controlling false discovery rates.

Root-Atr vs shoot-Atr Root-Atr vs root + Atr Shoot-Atr vs shoot + Atr Root + Atr vs shoot + Atr

Total 9744 6714 3596 8172
Up-regulated 3523 1319 2265 5226
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Down-regulated 6221 5395 

Expressed only in former 1453 379 

Expressed only in latter 595 128 

he absolute value of log2 ratio ≥ 1 as a threshold to estimate the
tatistical significance of gene expression [30]. A number of genes
ere found to be expressed differentially between two  libraries

Supplemental Fig.S3).
There are 6714 genes differently expressed between Root-Atr

nd Root + Atr libraries (Table 3). Among these 1319 genes were up-
egulated and 5395 were down-regulated. Under atrazine stress,
28 genes were expressed only in the Root + Atr library and 379
ere only expressed in Root-Atr library, suggesting that treatment
ith atrazine led to null expression of many genes in roots. In

ontrast, 77 transcripts were detected only in Shoot + Atr library,
hereas 44 transcripts were only found in Shoot-Atr plants. Also,

331 genes were down-regulated and 2265 were up-regulated in
he Shoot-Atr/Shoot + Atr dataset, indicating that more genes were
epressed by atrazine exposure.

Because transcripts varied from one library to another, we pre-
ented the 20 most abundantly expressed genes in each library.
s shown in Supplemental Table S2,  most of the genes were
ifferentially expressed in the four libraries. For instance, gene
Os10g11500) coding for a SCP-like extracellular protein was
xpressed substantially in roots but can be hardly expressed in
hoots. Transcripts such as Os01g24710 encoding jacalin-like lectin
omain containing protein and Os04g56430 encoding cysteine-rich
eceptor-like protein kinase in roots were found to be substan-
ially induced by atrazine exposure. By contrast, gene (Os08g44680)
oding for a photosystem I reaction center subunit II in roots was
epressed by atrazine treatments. However, gene Os12g43600 cod-

ng for a RNA recognition motif-containing protein was  found to be
resent in all datasets and abundantly expressed in all libraries.
everal other genes such as Os05g15770 and Os11g44810 coding
or glycosyl hydrolase and auxin-repressed protein, respectively,
ere shown in two or three libraries.

We analyzed further 40 genes that were most differentially
egulated by atrazine in roots or shoots. The relative abun-
ance was expressed as a TPM ratio of +Atrazine vs −Atrazine
esponsive transcripts. The top three differentially expressed
enes in +Atrazine/−Atrazine roots encode glycosyl hydrolases
Os05g15880 and Os11g47530) and B12D protein (Os07g41340)
Table 4). B12D protein is an unidentified protein. In addition, sev-
ral other enzymes such as aldehyde oxidase (Os03g58380) and
eroxidase (Os07g44590) were strongly in response to atrazine
xposure. In shoots Os07g34520 and Os04g40990, that were the top
ifferentially expressed genes, encode isocitrate lyase and malate
ynthase, respectively. Interestingly, both isocitrate lyase and
alate synthase are enzymes that work together in the glyoxylate

ycle. Isocitrate lyase catalyzes the cleavage of isocitrate to succi-
ate and glyoxylate, while malate synthase catalyzes the second
tep of the glyoxylate bypass, the condensation of acetyl coenzyme

 and glyoxylate to form malate. In this dataset, we  also found
everal other interesting genes coding for glycine-rich cell wall
tructural protein (Os02g37480), cytochrome P450 (Os08g39660
nd Os08g39730) and glutathione S-transferase (Os10g22310), all of

hich appear to involve resistance to xenobiotics. There are some

enes for some transcription factors (e.g. bZIP domain-containing
rotein and HBP-1b). Additionally, several other transcripts
or transporters (MDR-like ABC transporter and POT domain
1331 2946
44 885
77 730

containing peptide transporter) were identified to be negatively
regulated by atrazine.

3.4. Validation of tag-mapped genes by qRT-PCR

To confirm the tag-mapped genes in rice exposed to atrazine,
eight genes were selected at random and subjected to transcrip-
tional validation. All genes could be successfully amplified by
quantitative RT-PCR with gene primers listed in Supplemental
Table S3.  It is shown that expression pattern of all genes by qRT-
PCR was in good agreement with that by deep-sequencing based
digital gene expression (DGE) (Fig. 3).

3.5. Analysis on GO functional categories and KEGG pathways

To understand whether enrichment of atrazine-responsive
genes was associated with their biological significance, we  carried
out a functional clustering analysis [36]. Most of the anno-
tated genes could be grouped together in Gene Ontology (GO:
http://www.geneontology.org) terms. For instance, there were
5612, 13,491, and 6978 genes in Root-Atr/Root + Atr pair, that
could be grouped into biological process, cellular component, and
molecular function categories (Table 5). Genes that were sub-
jected to GO term analysis in other library pairs were summarized
in (Supplemental Tables S4, S5). For Root-Atr/Root + Atr pair, we
observed that the top 10 percent subgroups in “Biological Pro-
cess” were involved in cellular protein metabolic process, gene
expression, biological regulation, etc. (Table 5). The most remark-
able subgroup was that in response to stimuli. This group of genes
in response to biotic or abiotic stresses also can be induced by
atrazine. Besides, gene groups related to transport and carbohy-
drate metabolic process were considerably enriched among the
transcripts. By contrast, genes encoding carbohydrate boisynthes-
tic enzymes or proteins were least enriched.

We  used Kyoto Encyclopedia of Genes and Genomes (KEGG:
http://www.genome.jp/kegg) ontology assignments to classify
functional annotations of the identified genes [37]. The KEGG path-
way database records networks of molecular interactions in cells, as
well as their variants specific to particular organisms, that can help
to understand the biological functions of genes. We  identified 3399,
1861, 4844, and 4151 differentially expressed genes (DEGs) for the
four library pairs (Root-Atr/Root + Atr, Shoot-Atr/Shoot + Atr, Root-
Atr/Shoot-Atr, and Root-Atr/Shoot-Atr), and each of them could
be further assigned to 28, 18, 35, and 42 pathways, respectively
(Table 6; Supplemental Table S6). It is interesting to find that among
the assignments, DEGs belonging to “Metabolic pathway” were
most abundantly presented in the four library pairs, and each of
them comprised 804 (23.65%), 461 (24.77%), 1211 (25.00%) and
1049 (25.27%) genes for Root-Atr/Root + Atr, Shoot-Atr/Shoot + Atr,
Root-Atr/Shoot-Atr, and Root + Atr/Shoot + Atr libraries, respec-
tively. The pathway of “Biosynthesis of secondary metabolites” was
second dominant in the number of differentially expressed genes

(279–774). The other pathways contain only fewer than 5 per-
cent number of DEGs. It is worthy to note that a proportion of
genes were grouped into secondary metabolic pathways, such as
phenylpropaniod and phenylalanine biosynthesis or metabolism;

http://www.geneontology.org/
http://www.genome.jp/kegg
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Table  4
Top 40 annotated genes most differentially expressed in roots and shoots in the presence of atrazine (+Atr) and absence of atrazine (−Atr). This calculation is based on the
expressed tag frequency. log2 ratio > 0 indicates genes stimulated and log2 ratio < 0 indicates genes depressed by atrazine stress.

Gene ID Root + Atr/Root-Atr

Root + Atr Root-Atr log2 ratio Description

LOC Os05g15880 109.56 0.01 13.42 Glycosyl hydrolase
LOC Os07g41340 49.48 0.01 12.27 B12D protein
LOC  Os11g47530 43.90 0.01 12.10 Glycosyl hydrolase
LOC Os10g31420 34.78 0.01 11.76 Retrotransposon protein
LOC  Os07g34520 30.69 0.01 11.58 Isocitrate lyase
LOC  Os06g01590 29.58 0.01 11.53 Lactate/malate dehydrogenase
LOC Os10g20350 23.81 0.01 11.22 MATE efflux family protein
LOC Os03g48770 23.62 0.01 11.21 Cupin domain containing protein
LOC Os03g58380 20.83 0.01 11.02 Aldehyde oxidase 2
LOC  Os08g04210 17.30 0.01 10.76 Cysteine-rich repeat secretory protein 55 precursor
LOC  Os12g13890 16.37 0.01 10.68 Retrotransposon protein
LOC  Os02g29370 15.63 0.01 10.61 Transposon protein
LOC  Os09g37540 15.44 0.01 10.59 Uncharacterized protein PA4923
LOC  Os09g27930 14.14 0.01 10.47 Ubiquitin fusion protein
LOC  Os05g18090 11.53 0.01 10.17 SHR5-receptor-like kinase
LOC  Os06g03970 10.60 0.01 10.05 Receptor-like protein kinase 5 precursor
LOC  Os01g19529 10.04 0.01 9.97 Pentatricopeptide
LOC Os08g23870 9.86 0.01 9.95 Late embryogenesis abundant group 1
LOC  Os09g29690 8.18 0.01 9.68 Beta-expansin precursor
LOC Os02g51440 7.63 0.01 9.58 Laccase precursor protein
LOC  Os12g16690 0.01 8.87 −9.79 Zinc finger
LOC  Os06g51190 0.01 8.87 −9.79 Lysine ketoglutarate reductase trans-splicing related 1
LOC  Os10g40470 0.01 9.04 −9.82 LTPL142 – Protease inhibitor/seed storage/LTP family protein precursor
LOC  Os04g54940 0.01 9.21 −9.85 ATEB1A-like microtubule associated protein
LOC Os02g55410 0.01 9.74 −9.93 MCM5  – Putative minichromosome maintenance MCM complex subunit 5
LOC  Os12g39980 0.01 9.91 −9.95 Kinesin motor domain containing protein
LOC Os09g29560 0.01 10.43 −10.03 OsWAK83 – OsWAK pseudogene
LOC Os08g38270 0.01 10.95 −10.10 fasciclin domain containing protein
LOC  Os07g42420 0.01 11.13 −10.12 3-oxoacyl-synthase
LOC Os03g11210 0.01 12.17 −10.25 DUF538 domain containing protein
LOC  Os11g32510 0.01 14.26 −10.48 OsGH3-13 – Auxin-responsive GH3 gene family member
LOC Os07g44590 0.01 16.86 −10.72 Peroxidase precursor
LOC Os08g40720 0.01 18.08 −10.82 FAD-binding and arabino-lactone oxidase domains containing protein
LOC  Os03g16760 0.01 19.30 −10.91 Protein phosphatase 2C
LOC  Os01g50030 0.01 20.34 −10.99 CPuORF25 – conserved peptide uORF-containing transcript
LOC  Os01g65110 0.01 20.69 −11.01 POT family protein
LOC Os07g15460 0.01 25.56 −11.32 Metal transporter Nramp6
LOC  Os10g31530 0.01 26.77 −11.39 Glycine-rich cell wall structural protein
LOC Os03g09980 0.01 34.25 −11.74 Sulfate transporter
LOC Os05g47540 0.01 45.38 −12.15 CPuORF26 – conserved peptide uORF-containing transcript

Gene  ID Shoot + Atr/Shoot-Atr

Shoot + Atr Shoot-Atr log2 ratio Description

LOC Os07g34520 377.34 0.01 15.20 Isocitrate lyase
LOC Os04g40990 275.51 0.01 14.75 Malate synthase
LOC  Os01g62260 92.72 0.01 13.18 Thaumatin
LOC Os01g42860 49.01 0.01 12.26 Inhibitor I family protein
LOC Os01g03360 24.34 0.01 11.25 BBTI5 – Bowman-Birk type bran trypsin inhibitor precursor
LOC Os01g55940 19.21 0.01 10.91 OsGH3.2 – Probable indole-3-acetic acid-amido synthetase
LOC  Os01g06560 18.54 0.01 10.86 Transcription factor HBP-1b
LOC Os07g08240 17.88 0.01 10.80 ZmEBE-1 protein
LOC Os02g37480 13.91 0.01 10.44 Glycine-rich cell wall structural protein
LOC Os09g25060 13.41 0.01 10.39 OsWRKY76 – Superfamily of TFs having WRKY and zinc finger domains
LOC  Os12g39400 13.08 0.01 10.35 ZOS12-09 – C2H2 zinc finger protein
LOC  Os07g26110 9.44 0.01 9.88 Membrane associated DUF588 domain containing protein
LOC  Os04g41640 8.78 0.01 9.78 HEV2 – Hevein family protein precursor
LOC Os11g47560 6.95 0.01 9.44 Glycosyl hydrolase
LOC Os03g33090 6.29 0.01 9.30 DUF260 domain containing protein
LOC Os09g34920 6.13 0.01 9.26 Glycosyl hydrolase family 29
LOC  Os08g39660 5.8 0.01 9.18 Cytochrome P450
LOC Os08g39730 5.8 0.01 9.18 Cytochrome P450
LOC Os04g53210 5.8 0.01 9.18 Hydroxyacid oxidase 1
LOC  Os11g16940 5.3 0.01 9.05 Transposon protein
LOC Os03g60190 0.01 2.42 −7.92 Oxidoreductase
LOC Os11g37060 0.01 2.42 −7.92 OsFBDUF52 – F-box and DUF domain containing protein
LOC  Os05g07000 0.01 2.42 −7.92 Splicing factor
LOC Os03g08940 0.01 2.42 −7.92 Conserved hypothetical protein
LOC Os02g33944 0.01 2.59 −8.02 Transposon protein
LOC Os01g47050 0.01 2.59 −8.02 OsFBK1 – F-box domain and kelch repeat containing protein
LOC  Os01g09580 0.01 2.59 −8.02 CAMK CAMK like Aur like.1 – CAMK includes calcium/calmodulin depedent protein kinases
LOC  Os01g52160 0.01 2.59 −8.02 Heavy metal-associated domain containing protein
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Table  4 (Continued)

Gene ID Shoot + Atr/Shoot-Atr

Shoot + Atr Shoot-Atr log2 ratio Description

LOC Os01g03180 0.01 2.76 −8.11 Retrotransposon protein
LOC  Os12g06200 0.01 2.94 −8.20 E2F family transcription factor protein
LOC  Os01g12920 0.01 3.11 −8.28 Thioesterase family protein
LOC Os08g33740 0.01 3.11 −8.28 CSLA11 – cellulose synthase-like family A
LOC Os01g50080 0.01 3.45 −8.43 MDR-like ABC transporter
LOC Os02g34580 0.01 3.45 −8.43 Ammonium transporter protein
LOC  Os01g71310 0.01 3.63 −8.50 Cytokinin dehydrogenase precursor
LOC  Os10g22310 0.01 3.97 −8.63 Glutathione S-transferase GST 26
LOC  Os12g24320 0.01 4.15 −8.70 ATPase 3
LOC Os05g08370 0.01 4.66 −8.86 CESA1 – cellulose synthase
LOC Os10g05780 0.01 5.18 −9.02 POT domain containing peptide transporter
LOC Os01g58760 0.01 5.87 −9.20 bZIP transcription factor domain containing protein

Fig. 3. Quantitative real time RT-PCR validation of selected tag-mapped genes or digital gene expression (DGE) from rice shoots and roots. These genes encode proteins as
presented as follows. (A), Os07g49270: AMP  deaminase; (B), Os09g12290: bifunctional aspartokinase/homoserine dehydrogenase; (C), Os02g47310: cyclopropane-fatty-
acyl-phospholipid synthase; (D), Os10g38110: cytochrome P450; (E), Os03g14450: enolase; F, Os04g31700: methylisocitrate lyase 2; (G), Os10g02070: peroxidase; (H),
Os02g41680: phenylalanine ammonia-lyase. TPM: transcripts per million clean tags. Atr: atrazine. Vertical bars represent standard deviation of the mean (n = 3) between
the  treatment and control.
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Table  5
Significantly enriched gene ontology (GO) terms in shoot/root-Atr and shoot/root + Atr libraries of rice (Oryza sativa Japonica Group). GO terms including three ontologies:
biological process, cellular component and molecular function with corrected P-value < 0.01, indicate significantly enriched in differentially expressed genes (DEGs).

GO term Cluster frequency Genome frequency of use Corrected P-value

Root-Atr and Root + Atr

BP: Biological Process DEGs (936) Genes (5612)

Cellular protein metabolic process 22.4% (210,33↑,177↓) 16.0% (899) 6.48E−06
Gene  expression 20.0% (187,24↑,163↓) 14.4% (810) 1.30E−04
Biological regulation 19.9% (186,29↑,157↓) 13.9% (782) 1.39E−05
Regulation of biological process 19.1% (179,28↑,151↓) 13.6% (764) 8.97E−05
Regulation of cellular process 18.3% (171,26↑,145↓) 12.7% (715) 4.02E−05
Localization 15.3% (143,22↑,121↓) 10.4% (586) 1.70E−04
Transport 15.2% (142,22↑,120↓) 10.4% (583) 2.10E−04
Establishment of localization 15.2% (142,22↑,120↓) 10.4% (583) 2.10E−04
Carbohydrate metabolic process 12.1% (113,32↑,81↓) 6.4% (359) 3.81E−10
Rsponse  to stimulus 11.4% (107,28↑,79↓) 6.9% (390) 1.28E−05
Cellular  carbohydrate metabolic process 6.9% (65,17↑,48↓) 3.4% (192) 1.72E−06
Organic  acid metabolic process 6.9% (65,20↑,45↓) 4.2% (236) 8.07E−03
Carboxylic acid metabolic process 6.9% (65,20↑,45↓) 4.2% (236) 8.07E−03
Cellular  ketone metabolic process 6.9% (65,20↑,45↓) 4.2% (236) 8.07E−03
Oxoacid  metabolic process 6.9% (65,20↑,45↓) 4.2% (236) 8.07E−03
Cellular  amino acid and derivative metabolic process 5.4% (51,14↑,37↓) 2.9% (165) 2.15E−03
Amine  metabolic process 5.3% (50,18↑,32↓) 2.9% (160) 1.89E−03
Cellular component biogenesis 3.5% (33,4↑,29↓) 1.7% (93) 4.92E−03
Anatomical structure formation 3.4% (32,4↑,28↓) 1.6% (89) 4.92E−03
Alcohol  metabolic process 3.3% (31,8↑,23↓) 1.5% (82) 2.03E−03
Secondary metabolic process 3.3% (31,16↑,15↓) 1.5% (85) 4.87E−03
Monosaccharide metabolic process 3.0% (28,8↑,20↓) 1.3% (71) 2.33E−03
Cellular aromatic compound metabolic process 3.0% (28,8↑,20↓) 1.3% (75) 8.05E−03
Regulation of biological quality 2.9% (27,6↑,21↓) 1.1% (63) 5.00E−04
Homeostatic process 2.4% (22,5↑,17↓) 0.8% (47) 8.70E−04
Cellular  amino acid derivative metabolic process 2.2% (21,6↑,15↓) 0.9% (48) 5.76E−03
Carbohydrate biosynthetic process 2.1% (20,5↑,15↓) 0.8% (45) 7.06E−03

CC:  Cellular Component DEGs (2243) Genes (13,491)

Membrane-bounded vesicle 37.2% (834,205↑,629↓) 30.8% (4152) 1.09E−10
Cytoplasmic vesicle 37.2% (834,205↑,629↓) 30.8% (4160) 1.79E−10
Membrane 22.7% (509,87↑,422↓) 16.6% (2243) 2.82E−14
Macromolecular complex 6.6% (147,17↑,130↓) 4.4% (598) 3.60E−05
Nucleus  6.4% (144,24↑,120↓) 3.8% (515) 5.00E−09
Membrane part 4.6% (104,10↑,94↓) 2.9% (387) 2.57E−05
Intracellular non−membrane−bounded organelle 4.3% (97,11↑,86↓) 2.6% (354) 2.49E−05
Intracellular organelle part 4.2% (95,12↑,83↓) 2.7% (359) 1.80E−04
Organelle part 4.2% (95,12↑,83↓) 2.7% (362) 2.70E−04
Integral  to membrane 3.5% (79,7↑,72↓) 2.0% (274) 3.75E−05
Intrinsic  to membrane 3.5% (79,7↑,72↓) 2.0% (275) 4.42E−05
Extracellular region 1.6% (35,14↑,21↓) 0.5% (71) 2.78E−08
Cell  periphery 1.4% (31,4↑,27↓) 0.6% (75) 5.05E−05
Plasma  membrane 1.2% (27,4↑,23↓) 0.5% (61) 5.52E−05
Cytoskeleton 0.8% (18,2↑,16↓) 0.3% (41) 5.59E−03
Apoplast  0.6% (13,9↑,4↓) 0.2% (24) 4.40E−03

MF:  Molecular Function DEGs (1191) Genes (6978)

Nucleotide binding 18.3% (218,39↑,179↓) 11.9% (830) 2.48E−10
Protein  binding 16.5% (196,18↑,178↓) 10.0% (698) 4.37E−12
Purine  nucleotide binding 16.4% (195,35↑,160↓) 10.8% (755) 2.83E−08
Ribonucleotide binding 15.9% (189,34↑,155↓) 10.5% (736) 1.00E−07
Purine ribonucleotide binding 15.9% (189,34↑,155↓) 10.5% (736) 1.00E−07
Purine nucleoside binding 13.9% (166,31↑,135↓) 9.6% (670) 2.36E−05
Adenyl  nucleotide binding 13.9% (166,31↑,135↓) 9.6% (670) 2.36E−05
Nucleoside binding 13.9% (166,31↑,135↓) 9.7% (675) 4.07E−05
ATP  binding 13.4% (160,30↑,130↓) 9.3% (651) 7.51E−05
Adenyl  ribonucleotide binding 13.4% (160,30↑,130↓) 9.3% (651) 7.51E−05
Cation  binding 12.5% (149,38↑,111↓) 8.0% (555) 4.10E−07
Ion  binding 12.5% (149,38↑,111↓) 8.0% (559) 7.09E−07
Metal  ion binding 12.0% (143,36↑,107↓) 7.7% (540) 2.52E−06
Oxidoreductase activity 10.0% (119,31↑,88↓) 6.7% (466) 4.20E−04
Transition metal ion binding 7.7% (92,26↑,66↓) 4.5% (313) 8.84E−06
Transferase activity, transferring alkyl or aryl (other than methyl) groups 2.4% (28,18↑,10↓) 0.9% (64) 1.80E−04
Glutathione transferase activity 1.8% (22,17↑,5↓) 0.6% (39) 1.10E−05
UDP-glucosyltransferase activity 0.9% (11,1↑,10↓) 0.2% (15) 9.20E−04
Manganese ion binding 0.9% (11,9↑,2↓) 0.2% (17) 6.01E−03
Glucosyltransferase activity 0.9% (11,1↑,10↓) 0.2% (17) 6.01E−03
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Table  5 (Continued)

Shoot-Atr and Shoot + Atr

BP: Biological Process DEGs (526) Genes (5612)

Biological regulation 21.7% (114, 67↑, 47↓) 13.9% (782) 1.00E−04
Regulation of biological process 20.7% (109, 64↑, 45↓) 13.6% (764) 6.40E−04
Regulation of metabolic process 14.8% (78, 43↑, 35↓) 8.6% (481) 1.90E−04
Carbohydrate metabolic process 14.6% (77, 40↑, 37↓) 6.4% (359) 2.88E−10
Regulation of primary metabolic process 14.6% (77, 42↑, 35↓) 8.2% (461) 6.55E−05
Regulation of macromolecule metabolic process 14.6% (77, 42↑, 35↓) 8.5% (477) 2.70E−04
Response  to stimulus 13.1% (69, 44↑, 25↓) 6.9% (390) 3.23E−05
Regulation of cellular metabolic process 12.9% (68, 38↑, 30↓) 7.9% (442) 7.49E−03
Regulation of macromolecule biosynthetic process 12.7% (67, 37↑, 30↓) 7.8% (436) 9.05E−03
Regulation of biosynthetic process 12.7% (67, 37↑, 30↓) 7.8% (437) 9.77E−03
Regulation of cellular biosynthetic process 12.7% (67, 37↑, 30↓) 7.8% (437) 9.77E−03
Organic acid metabolic process 9.7% (51, 22↑, 29↓) 4.2% (236) 2.51E−06
Carboxylic acid metabolic process 9.7% (51, 22↑, 29↓) 4.2% (236) 2.51E−06
Cellular ketone metabolic process 9.7% (51, 22↑, 29↓) 4.2% (236) 2.51E−06
Oxoacid metabolic process 9.7% (51, 22↑, 29↓) 4.2% (236) 2.51E−06
Cellular carbohydrate metabolic process 8.7% (46, 22↑, 24↓) 3.4% (192) 4.49E−07
Amine metabolic process 7.8% (41, 21↑, 20↓) 2.9% (160) 4.44E−07
Cellular amino acid and derivative metabolic process 7.0% (37, 15↑, 22↓) 2.9% (165) 1.30E−04
Cellular  amino acid metabolic process 5.7% (30, 12↑, 18↓) 2.3% (129) 7.90E−04
Cellular  amine metabolic process 5.7% (30, 12↑, 18↓) 2.3% (129) 7.90E−04
Alcohol metabolic process 4.8% (25, 13↑, 12↓) 1.5% (82) 2.31E−05
Monosaccharide metabolic process 3.6% (19, 10↑, 9↓) 1.3% (71) 7.89E−03
Carbohydrate catabolic process 3.4% (18, 10↑, 8↓) 1.2% (66) 9.89E−03
Protein folding 2.7% (14, 8↑, 6↓) 0.7% (42) 6.78E−03
Sulfur  metabolic process 2.3% (12, 2↑, 10↓) 0.5% (27) 8.40E−04
Sulfur  compound biosynthetic process 1.9% (10, 2↑, 8↓) 0.3% (19) 9.10E−04
Sulfur,  amino acid metabolic process 1.5% (8, 1↑, 7↓) 0.3% (15) 8.99E−03
Photosynthesis, light harvesting 1.3% (7, 0↑, 7↓) 0.1% (8) 2.00E−04
Sulfur, amino acid biosynthetic process 1.3% (7, 1↑, 6↓) 0.2% (11) 6.46E−03

CC:  Cellular Component DEGs (1182) Genes (1,3491)

Membrane 22.3% (264, 135↑, 129↓) 16.6% (2243) 7.13E−06

MF:  Molecular Function DEGs (667) Genes (6978)

Protein binding 16.2% (108, 73↑, 35↓) 10.0% (698) 3.16E−05
Cation binding 13.9% (93, 53↑, 40↓) 8.0% (555) 6.02E−06
Ion  binding 13.9% (93, 53↑, 40↓) 8.0% (559) 8.67E−06
Metal  ion binding 13.5% (90, 50↑, 40↓) 7.7% (540) 1.37E−05
Oxidoreductase activity 12.3% (82, 44↑, 38↓) 6.7% (466) 4.92E−06
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dditionally, transcripts involved in glutathione, ascorbate, and
ldarate metabolism were enriched in Root-Atr/Root + Atr and
hoot-Atr/Shoot + Atr datasets.

. Discussion

Although genome-wide gene expression in rice has been iden-
ified for growth and development [38,39],  molecular information
n toxicology with organic xenobiotics is lacking. A global analysis
f transcriptome would facilitate our understanding of systemic
ene expression and regulatory mechanisms for plant adaptive
esponses to xenobiotic stress. In this study, we identified a large
umber of genes differently expressed in rice tissues with atrazine
sing the recently developed high-throughput sequencing tech-
ology [30,40].  Creating four libraries from rice tissues exposed to
trazine and performing a direct DEG analysis allowed us to identify
8,827–21,007 essential and dynamic genes for each library. These
enes are responsible for enzymes or proteins involved in synthesis
f diverse essential substances (e.g. carbonhydrates, proteins, and
ipid) and secondary metabolites associated with currently known
r unknown biological pathways. Thus, the present study repre-

ented so far the deepest analysis on rice transcriptome in response
o toxic organic compounds.

Response of plants to atrazine undergoes several biological pro-
esses, including perception of stress signal, regulation of gene
↑, 15↓) 1.6% (112) 1.10E−04
, 12↓) 1.0% (69) 4.66E−03

expression, metabolic reinforcement, and physiological acclima-
tion. Understanding of altered gene expression gives insights into
molecular and physiological responses to atrazine. Our analysis
revealed at least 6714 and 3596 enriched genes in roots and shoots
with atrazine, respectively (Table 3). These genes were differen-
tially expressed in the presence of atrazine, and a certain proportion
of them responded specifically to atrazine exposure. For instance,
in the root 1319 transcripts were up-regulated and 5395 down-
regulated by atrazine treatment (Table 3). Notably, 128 genes
were expressed only in atrazine-treated roots, whereas 379 genes
were preferentially expressed in untreated roots. In shoots, there
were 2265 and 1331 genes that were up- and down-regulated in
response to atrazine. However, compared with roots, more genes in
shoots were induced by atrazine. These results suggest that expres-
sion of genes were reprogrammed in the presence of atrazine.

We demonstrated forty genes that were most differentially
expressed in Root + Atr vs Root-Atr and Shoot + Atr vs Shoot-Atr
libraries (Table 4). These genes are encoding proteins or enzymes
regulating diverse biological processes. Glycosyl hydrolases in
plants belong a big family and are believed as secretory proteins
for modification of polysaccharides in cell wall [41]. This gene,

along with several other transcripts such as expansion, peroxidase,
and glycine-rich structural protein genes, are involved in cell wall
build-up or reinforcement. An example comes from peroxidase
which catalyzes the conversion of H2O2 into H2O by oxidizing
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Table  6
Significant pathway enrichment analysis in KEGG in each pair of Oryza sativa libraries. Pathways with P-value < 0.05 and Q value < 0.05 indicate significantly enriched in
differentially expressed genes (DEGs).

Pathway Number of DEGs with
pathway annotation

Number of genes with
pathway annotation

P value Q value Pathway ID

Root-Atr vs Root + Atr (3399) (16,810)

Metabolic pathways 804 (23.65%, 183↑, 621↓) 3281 (19.52%) 1.29E−11 1.52E−09 ko01100
Biosynthesis of secondary metabolites 508 (14.95%, 163↑, 345↓) 2129 (12.67%) 6.12E−06 1.81E−04 ko01110
Phenylpropanoid biosynthesis 160 (4.71%, 55↑, 105↓) 631 (3.75%) 8.26E−04 6.50E−03 ko00940
Ribosome 124 (3.65%, 13↑, 111↓) 460 (2.74%) 2.55E−04 2.64E−03 ko03010
Starch and sucrose metabolism 109 (3.21%, 20↑, 89↓) 429 (2.55%) 4.83E−03 2.31E−02 ko00500
Phenylalanine metabolism 93 (2.74%, 29↑, 64↓) 270 (1.61%) 2.78E−08 1.56E−06 ko00360
Oxidative phosphorylation 68 (2.00%, 9↑, 59↓) 222 (1.32%) 1.43E−04 2.11E−03 ko00190
Purine metabolism 68 (2.00%, 5↑, 63↓) 259 (1.54%) 1.07E−02 4.53E−02 ko00230
Glycolysis/Gluconeogenesis 60 (1.77%, 17↑, 43↓) 185 (1.1%) 5.88E−05 1.16E−03 ko00010
Amino sugar and nucleotide sugar metabolism 58 (1.71%, 20↑, 38↓) 189 (1.12%) 4.02E−04 3.65E−03 ko00520
Glutathione metabolism 57 (1.68%, 31↑, 26↓) 142 (0.84%) 3.95E−08 1.56E−06 ko00480
Endocytosis 49 (1.44%, 8↑, 41↓) 173 (1.03%) 6.47E−03 2.93E−02 ko04144
Nitrogen metabolism 44 (1.29%, 17↑, 27↓) 118 (0.7%) 1.31E−05 3.08E−04 ko00910
Phagosome 42 (1.24%, 4↑, 38↓) 120 (0.71%) 1.11E−04 1.88E−03 ko04145
Pyruvate metabolism 38 (1.12%, 10↑, 28↓) 108 (0.64%) 2.04E−04 2.41E−03 ko00620
Ascorbate and aldarate metabolism 37 (1.09%, 11↑, 26↓) 104 (0.62%) 1.90E−04 2.41E−03 ko00053
Fructose and mannose metabolism 34 (1.00%, 5↑, 29↓) 107 (0.64%) 3.16E−03 1.86E−02 ko00051
Aminoacyl-tRNA biosynthesis 31 (0.91%, 5↑, 26↓) 95 (0.57%) 2.99E−03 1.85E−02 ko00970
Glycine, serine and threonine metabolism 29 (0.85%, 9↑, 20↓) 79 (0.47%) 5.00E−04 4.22E−03 ko00260
Tyrosine metabolism 28 (0.82%, 12↑, 16↓) 85 (0.51%) 3.99E−03 2.24E−02 ko00350
Butanoate metabolism 27 (0.79%, 4↑, 23↓) 79 (0.47%) 2.60E−03 1.80E−02 ko00650
Citrate cycle (TCA cycle) 26 (0.76%, 5↑, 21↓) 66 (0.39%) 2.68E−04 2.64E−03 ko00020
Inositol phosphate metabolism 26 (0.76%, 4↑,22↓) 78 (0.46%) 4.53E−03 2.31E−02 ko00562
Pentose phosphate pathway 23 (0.68%, 3↑, 20↓) 67 (0.4%) 4.89E−03 2.31E−02 ko00030
Sulfur metabolism 22 (0.65%, 6↑, 16↓) 63 (0.37%) 4.63E−03 2.31E−02 ko00920
Valine, leucine and isoleucine degradation 22 (0.65%, 9↑, 13↓) 67 (0.4%) 1.04E−02 4.53E−02 ko00280
Histidine metabolism 18 (0.53%, 5↑, 13↓) 44 (0.26%) 1.37E−03 1.01E−02 ko00340
Non-homologous end-joining 10 (0.29%, 0↑, 10↓) 20 (0.12%) 2.81E−03 1.84E−02 ko03450

Shoot-Atr vs Shoot + Atr (1861) (16,810)
Metabolic pathways 461 (24.77%, 254↑, 207↓) 3281 (19.52%) 2.06E−09 2.37E−07 ko01100
Biosynthesis of secondary metabolites 279 (14.99%, 154↑, 125↓) 2129 (12.67%) 9.54E−04 9.02E−03 ko01110
Spliceosome 89 (4.78%, 64↑, 25↓) 511 (3.04%) 8.86E−06 2.55E−04 ko03040
Glycolysis/Gluconeogenesis 38 (2.04%, 18↑, 20↓) 185 (1.10%) 1.18E−04 1.70E−03 ko00010
Glycerolipid metabolism 29 (1.56%, 21↑, 8↓) 118 (0.70%) 2.60E−05 5.97E−04 ko00561
Pyruvate metabolism 27 (1.45%, 17↑, 10↓) 108 (0.64%) 3.52E−05 6.74E−04 ko00620
Fructose and mannose metabolism 25 (1.34%, 10↑, 15↓) 107 (0.64%) 2.16E−04 2.76E−03 ko00051
Fatty  acid metabolism 25 (1.34%, 20↑, 5↓) 115 (0.68%) 6.87E−04 7.19E−03 ko00071
Nitrogen metabolism 25 (1.34%, 12↑, 13↓) 118 (0.70%) 1.02E−03 9.02E−03 ko00910
Sulfur metabolism 22 (1.18%, 5↑, 17↓) 63 (0.37%) 4.82E−07 1.85E−05 ko00920
Carbon fixation in photosynthetic organisms 21 (1.13%, 8↑, 13↓) 103 (0.61%) 4.02E−03 2.89E−02 ko00710
Alanine, aspartate and glutamate metabolism 20 (1.07%, 11↑, 9↓) 98 (0.58%) 4.86E−03 3.29E−02 ko00250
Valine, leucine and isoleucine degradation 19 (1.02%, 15↑, 4↓) 67 (0.40%) 8.11E−05 1.33E−03 ko00280
Ubiquinone and other terpenoid-quinone biosynthesis 17 (0.91%, 11↑, 6↓) 73 (0.43%) 2.18E−03 1.69E−02 ko00130
Butanoate metabolism 17 (0.91%, 9↑, 8↓) 79 (0.47%) 5.19E−03 3.32E−02 ko00650
Selenocompound metabolism 16 (0.86%, 5↑, 11↓) 59 (0.35%) 5.04E−04 5.80E−03 ko00450
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Pentose phosphate pathway 16 (0.86%, 6↑, 10↓) 

Photosynthesis–antenna proteins 12 (0.64%, 0↑, 12↓) 

arious secondary metabolites such as phenolic compounds.
n plants, the group III peroxidase is the major type, which is
omposed of numerous isoenzymes and mediates biosynthesis
f secondary metabolites and cross-linking of matrix polysac-
harides in cell wall [42,43]. In this study, one of peroxidase
enes (Os10g02070) was up-regulated by atrazine treatment
sing both deep-sequencing and qRT-PCR approaches (Fig. 3).

nduction of group III peroxidase activity by pesticides has
een found in many food crops such as wheat [44,45], rape-
eed [46], and green algae [47]. This suggests that activation
f peroxidase gene expression may  facilitate the cross-linking
f secondary metabolites or cell wall solidification, and confer
esistance to atrazine toxicity. It is worthy to note that two
enes coding for laccase and cytochrome P450 were up-regulated
y atrazine in rice (Table 4). In higher plants, both laccase

nd cytochrome P450 have been implicated in detoxification
nd catabolism of herbicides [1,48].  The process for herbicide
egradation undergoes three steps: conversion (e.g.
ydrophobic chemicals are converted into less hydropholic
67 (0.40%) 2.20E−03 1.69E−02 ko00030
17 (0.10%) 1.19E−08 6.84E−07 ko00196

metabolites), conjugation (with the aid of glutathione S-
transferases), and compartmentation (into vacuoles or other
organelles) [2].

One major advantage of the high throughput sequencing is the
direct estimation of gene expression [36]. Moreover, millions of
generated rice sequences allowed us to analyze enrichment of vari-
ous genes. The identified genes within the libraries displayed varied
abundance from one another. According to the GO and KEGG dis-
tribution, the majority of genes were enriched to involve metabolic
processes (e.g. genes for metabolism of carbohydrates, organic
acids, sulphate, amino acids, secondary metabolites, etc.) and regu-
lation of cellular process (Tables 5 and 6). These results indicate that
plant exposure to atrazine altered many basic biological pathways
associated with metabolism of carbohydrates, proteins, lipids, and
nucleic acids. We  also retrieved many important genes grouped

into the three categories including response to intracellular and
environmental stimulus, glutathione transferase activity, and oxi-
doreductase activity. Using the database categories, we  identified
107 genes for stimulus-responsive protein, 22 genes coding for
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lutathione transferases, and 119 genes for oxidoreductases, all of
hich were differentially regulated by atrazine.

In conclusion, we presented an extensive survey of atrazine-
esponsive genes, showing differential expression in rice tissues.
hese genes are involved in many metabolic processes in responses
o atrazine. Our results not only demonstrate transcriptional
omplexity in rice with atrazine, but also open up a possibil-
ty for identification of the genes in regulating plant tolerance to
enobiotic stress. Furthermore, the high-throughput sequencing
latform described here serves as a powerful approach for devel-
ping biomarkers monitoring molecular response to the organic
azards.
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