
through the expurgation of soil-borne pathogens. In
paddy fields, nearly 15% of the total plant protection,
chemicals are used for crop production [5]. Among
them, Abamectin (ABM) and Thiamethoxam (TXM) are
the most impelling systematic pesticides widely used for
rice, soybean, sunflower, cotton and potato seed treat-
ments as well as in fields nowadays [6, 7].

ABM, the pesticide used to treat IPs, naturally generated
as fermentation products byStreptomyces avermitilis, a soil
actinomycete [8]. ABM blocks nerve and muscle cells of
the insects mostly by enhancing the effects of glutamate at
the invertebrate-specific glutamate-gated chloride channel
with minor impact on gamma-aminobutyric acid receptors
[9–11]. This barricade causes an influx of chloride ions
into the cells, leading to a hyper polarization and subse-
quent paralysis of invertebrate neuromuscular systems,
while comparable doses are not toxic for mammals, as they
do not possess glutamate-gated chloride channels [12].

TXM is a neonicotinoid that can be absorbed quickly by
plants and transported to all of its tissues, including pol-
lens where it acts to deter insect-feeding. This compound
interferes with nicotinic acetylcholine receptors in the
central nervous system of insects, and eventually paralyzes
their muscular movements [13]. TXM has been widely
used because it controls a broad range of IPs while posses-
sing relatively low mammalian toxicity [14, 15].

Although it is clear that pesticides can kill crop in-
sects, it is still elusive whether they can affect plant
growth and physiological performance [16]. Generally,
we could not see an obvious alteration of plant develop-
ment after spraying a commercial pesticide, but this
doesn’t mean that pesticide can’t influence the endogen-
ous metabolic processes of crops, which may indirectly
bring about human health issues. Thus, evaluating the
effects of pesticides on crop physiology are crucial for IP
control programs.

Rice (Oryza sativa L.) is a major staple cereal in the
world, providing essential caloric requirements for more
than half of the world’s population. To satisfy the grad-
ually increasing food demands for a rapidly growing
population, rice yields need to be increased up to 40%
by 2030 [17]. Meanwhile, many rice insects including
brown plant hopper, leaf roller, and stem borer result in
a major threat to rice production. To date, diverse insec-
ticides have been used to suppress rice pests in an open
field; among them, the application of ABM and TXM is
the major solution for killing masticatory and sucking
IPs. However, apart from crop safety, it is unknown
whether plant physiology is compromised by the two
pesticides, thereby triggering an interesting question to
be addressed.

RNA sequencing (RNA-Seq) is a powerful tool to
examine the continuously changing cellular transcrip-
tome, thereby facilitates the ability to know potential

physiological changes under distinct conditions. In this
study, we conducted RNA-Seq analysis to determine rice
dynamic performances after ABM and TXM spray through
characterization of Differentially Expressed Genes (DEGs),
Differentially Expressed Alternatively Spliced RNAs (DE
AS), Differentially Expressed Long Non-Coding RNAs (DE
lncRNAs) and Differentially Expressed Transposable ele-
ments (DE TEs). We found thata limited number of these
coding and non-coding transcripts can be overlapped or
exclusively changed along with the application of two dif-
ferent pesticides. These results provide valuable insights
into the proper usage of pesticides against masticatory and
sucking IPs in crops.

Results
Identification of differentially expressed genes (DEGs)
under Abamectin (ABM) treated rice
Pesticides can kill crop IPs, but their influence on different
biological and physiological processes are still elusive. To
investigate rice transcriptomein response to pesticides, we
carried out RNA-Seq and measured FPKM values of genes
under ABM treatment. A total of 470 DEGs were anno-
tated in rice under ABM treatments. Correlation coeffi-
cients (R) of all the treatments were near to 1, showing a
high repetition of the experiment in terms of data analysis,
expression and sequence coverage (Fig.1a, Additional file1).
To determine reliability in the transcriptome gene expres-
sions (GE) profiles in ABM treatments, we randomly
checked the expression patterns of six DEGs using RT-
qPCR. Expression patterns of all the examined genes were
similar to RNA-seq data, indicating the credibility of our
transcriptome dataset for gene exploration (Additional file2).
Hence, it would be reliable to find out the influence of
pesticide by our RNA-seq dataset. We compared DEGs
with other expressed genes in relation to their percentages,
and got the highest number of 192 DEGs (1.00%) under 1
day (1d) ABM treated plants, followed by 179 (0.91%)
DEGs under 3 h (3 h) treatment, and 157 (0.83%) DEGs
under 3 days (3d) treatment. These results indicated that
DEGs were less in number compared to non-altered genes,
and further implicated that the insecticide has a little grasp
on GE level, mostly impacting 1d treated plants (Fig.1b).

To further investigate the potential functions of DEGs,
we identified their localization into different cellular com-
ponents or biological processes under GO terms (Fig.1c).
Besides specifically expressed DEGs under three treatments
of ABM, there were still some overlaps among DEGs per
time point (Fig.1d, Additional file 3), e.g., 3 h and 1d treat-
ments shared 18 DEGs, six between 1d and 3d treatments,
while 28 shared DEGs were recorded among 3d and 3 h.
Apart from this, we also havethree co-expressed DEGs
shared by all treatments (Fig.1d, Additional file 3). To
further pursue dynamic changes in DEGs, we mea-
sured the FPKM values of genes under different time
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treatments of ABM. We observed two genes,Os01g69070
and Os06g45970, which are involved in Auxin response
[18], were particularly induced, suggesting a potential al-
teration in auxin signaling by ABM treatments (Fig.1e).

Identification of DEGs under Thiamethoxam (TXM)
applied rice
Since we didn’t observe a severe alteration in GE after
spraying ABM, we attempted to select another commer-
cial pesticide to check whether it can lead to a significant
change in rice transcriptomes. Due to the widespread use
of TXM, it would be worthwhile to study its influence on
the endogenous metabolic processes in plants.

TXM has a little more impact on GE level compared
to ABM, as a total of 670 DEGs were detected in TXM
treated rice. Reliability upon experiment was checked by
correlation coefficients (R) which were near to 1 for all
treatments (Fig.2a). To further prevail the effectiveness
of TXM, we compared DEGs with other expressed genes
in terms of their percentages, and got highest number of

DEGs 553 (2.94%) under 1d treatment of TXM, followed
by expressions of 99 (0.52%) DEGs under 3d treatment,
and 52 (0.27%) DEGs under 3 h treatments (Fig.2b), adum-
brating the fluctuating influence of this pesticide. DEGs
were then annotated into functional categories using nega-
tive log10 (P-value), which illustrated their involvement into
transport, localization or response to stimuli GO terms
(Fig. 2c). Besides specifically expressed genes, there was a
very small proportion overlap in DEGs per time point by
TXM (Fig. 2d, Additional file 3). Furthermore, FPKM
values of various DEGs with the abiotic stimulus, plastid,
and transporter activity have dynamically changed in re-
sponse to pesticide treatments (Fig.2e), indicating that the
application of TXM can induce some stress responses in
rice.

Identification and characterization of the co-expressed
DEGs by two pesticides
DEGs co-expressed among pesticides treatments are of
prime importance due to their responses to both pesticides.

Fig. 1 Expression pattern and functional analysis of differentially expressed genes (DEGs) in rice inoculated with Abamectin (ABM).a Bar graphs
depict correlation co-efficients (R) of ABM under three treatments, i.e., 3 h, 1d, and 3d. The y-axis represents correlation co-efficient of treatments,
and x-axis shows pesticide treatments.b Proportionate percentages of DEGs to other expressed genes, red color in the bar graph shows the
proportion of DEGs to other expressed genes illustrated in blue color.c Overview of Gene Ontology analysis of all DEGs under ABM application.
The x-axis represents the negative log of theP-value, and y-axis shows GO terms.d Venn diagram describing total, unique and overlaps among
DEGs after three treatments of ABM, the number of shared DEGs are specified in circles.e Expressions of selected DEGs based on high
throughput sequencing, under control and ABM, treated plants. The y-axis is the FPKM (Fragments Per Kilobase of exon per Million reads) values
for each gene and x-axis represents treatments of ABM. First two genes are the typical examples of induced genes under ABM compared with
control, while others are examples for low expressed genes under ABM treatments
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After examining the individual effects of two pesticides, we
scrutinized the co-expressed DEGs, and found 166 shared
DEGs expressed under both insecticides treatments (Fig.3a).
To further study the localization and potency of the co-
expressed DEGs, we carried out MapMan analysis in detail.
These DEGs were mapped into hormone metabolism, RNA,
stress, miscellaneous, protein, and signaling pathways with
proportionate percentages of 6.62, 6.62, 6.02, 6.02, 4.81 and
3.61%, respectively (Fig.3b). Notably, we found a significant
upregulation of Os12g27220, which encodes Spermidine
hydroxyl cinnamoyl transferase 1, an enzyme responsible for
the biosynthesis of alkaloids, terpenoids, and phenolics
(Fig.3c) [19, 20], proclaiming more synthesis of spermi-
dine may provide plants protection from diseases and
pests by using agricultural chemicals.

Next, we examined DEGs specific to each drug by Map-
Man analysis. We found ABM-specific DEGs involved in
several important processes, including response to stimuli,
signaling, transport and protein (Fig.3d, e). Interestingly,
we noticed an induced expression level of some DEGs

under 1d treatments of ABM compared to control or
TXM, but decreased apparently at 3d treatment, indicat-
ing no longer effects of ABM on the expressions of these
DEGs (Fig.3f).

Specific DEGs under TXM treatments, by contrast, in-
volved in different localization-related GO terms and
cellular processes (Fig.3g, h). Selected DEGs with un-
stable expressions indicated that TXM similar to ABM,
has limited lasting effects on some GEs in rice (Fig.3i,
Additional file 3). Taken together, these data enlightened
the limited roles of the two pesticides in GE regulation.

Identification of alternative splicing (AS) events in
pesticides applied rice
In addition to be used for DEGs, RNA-seq dataset is also a
good resource for AS analysis. Thus, we examined the AS
changes affected by pesticides, and acquired approximately
3725 genes undergoing 5779 AS events (Additional file4).
Of them, 270 genes experienced 274 Differentially Expressed

Fig. 2 Expression pattern and functional analysis of DEGs in rice inoculated with Thiamethoxam (TXM).a Bar graphs show correlation co-efficients
(R) of three TXM treatments, i.e., 3 h, 1d, and 3d. The y-axis represents correlation co-efficient of treatments, and x-axis shows pesticide treatments.
b Bar graphs represent proportionate percentages of DEGs to other expressed genes. The red color in the graph shows the proportion of DEGs
to other expressed genes presented in blue color.c Overview of GO analysis of the putative DEGs under TXM application. The x-axis represents
the negative logarithm of the P-value, and y-axis shows GO terms.d Venn diagram is describing total, unique and overlaps among DEGs after
treatments with TXM.e Expressions of selected DEGs based on high throughput sequencing, under control and TXM treated plants. Expression
levels in FPKM of the genes are given on y-axis along with their treatments on x-axis. The first three genes are typical examples of TXM which
accumulate more under TXM treatments compared to control, while others are examples of low expressed genes under TXM treatments
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