Send Orders for Reprints to reprints@benthamscience.net

98
RESEARCH ARTICLE

Study on Transcriptional Responses and Identification of Ribosomal Pro-
tein Genes for Potential Resistance against Brown Planthopper and Gall

Current Genomics, 2021, 22, 98-110

Midge Pests in Rice

Mazahar Moin""", Anusree Saha>*, Achala Bakshi', Divya D.’, Madhav M.S." and Kirti P.B.>*

'Biotechnology Division, ICAR-Indian Institute of Rice Research (IIRR), Hyderabad-500030, India; *Department of
Plant Sciences, University of Hyderabad, Hyderabad-500046, India; *Agri-Biotech Foundation, PJTS Agricultural Uni-
versity, Hyderabad-500030, India

ARTICLE HISTORY

Received: July 08, 2020
Revised: October 04, 2020
Accepted: January 02, 2021

DOI:
10.2174/1389202922666210219113220

Abstract: Background: Our previous studies have revealed the roles of ribosomal protein (RP)
genes in the abiotic stress responses of rice.

Methods: In the current investigation, we examine the possible involvement of these genes in in-
sect stress responses. We have characterized the RP genes that included both Ribosomal Protein
Large (RPL) and Ribosomal Protein Small (RPS) subunit genes in response to infestation by two
economically important insect pests, the brown planthopper (BPH) and the Asian rice gall midge
(GM) in rice. Differential transcript patterns of seventy selected RP genes were studied in a sus-
ceptible and a resistant genotype of indica rice: BPT5204 and RPNFO0S5, respectively. An in silico
analyses of the upstream regions of these genes also revealed the presence of cis-elements that are
associated with wound signaling.

Results: We identified the genes that were up or downregulated in either one of the genotypes, or
both of them after pest infestation. The transcript patterns of a majority of the genes were found to
be temporally-regulated by both the pests. In the resistant RPNF05, BPH infestation activated
RPL15, L5] and RPS5a genes while GM infestation induced RPL15, L18a, L22, L36.2, L38, RPS5,
§9.2 and S25a at a certain point of time. These genes that were particularly upregulated in the resis-
tant genotype, RPNFO0S5, but not in BPT5204 suggest their potential involvement in plant resistance
against either of the two pests studied.

Conclusion: Taken together, RPL15, L51, L18a, RPS5, S5a, S§9.2, and S25a appear to be the genes

with possible roles in insect resistance in rice.
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1. INTRODUCTION

The global population is growing exponentially and is ex-
pected to exceed nine billion by 2050 [1]. One of the impor-
tant ways of ensuring food security and feeding the burgeon-
ing population is through enhanced and sustained productivi-
ty of staple crops. Rice is a principal source of nutrition and
a staple cereal for more than two billion population in Asia
and thus, accounts for more than 40% of the calorie con-
sumption. Increasing demand necessitates a proportionate in-
crease in production of rice, which is alarmingly affected by
biotic and abiotic stresses that result in unstable productivi-

ty.
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Biotic stress comprises attacks by insect pests, bacterial,
fungal and viral pathogens, and weed competition, while abi-
otic stresses such as salinity, drought and extreme climates
cause a huge impediment towards sustainable rice produc-
tion across the world [2]. The major biotic stresses include
bacterial leaf blight (BLB), fungal blast diseases and attack
by insect pests like BPH, gall midge and stem borers that to-
gether account for a major share of losses across the globe
[3]. Out of this, approximately 21% of the losses are solely
attributed to insect pests. Among the three major groups of
insect pests listed above, BPH represents sucking pests that
mainly feed on phloem sap depriving the plant of nutrients,
which results in plant mortality called “hopper burn”.

Gall midges are unique gall formers that do not kill the
plant but hijack its normal developmental processes by in-
ducing the formation of galls and sterility. Though these two
pests are managed by the farmers through the application of
insecticides, these are also amenable for management
through host-plant resistance. Extensive research has identi-
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fied scores of rice germplasm lines that are resistant to the at-
tack by these pests [4]. Intensive studies have unveiled genet-
ics of resistance leading to tagging and mapping plant resis-
tance (R) genes and the development of linked molecular
markers that are being used in marker-assisted selection
(MAS). MAS has made breeding rice for insect resistance
more precise with rapid pyramiding of genes for multiple
and durable resistance. Concomitant research over decades
has tried to understand insect resistance in rice at genetic,
anatomical, physiological, biochemical and molecular levels
[5]- These studies, in summary, highlight a two-tier defence
system in rice against insects as in the case of pathogen at-
tack. The first line of defence is an innate immune response
of general nature triggered by molecular patterns associated
with herbivory (HAMP) and or damage (DAMP) [6]. Plants
recognize these molecules through receptors on the cell
membrane and trigger an immune response called pattern
triggered immunity (PTI). This defence is race non-specific.
In response, insects secrete specialized chemicals called ef-
fectors that nullify PTI and allow the insect to feed and de-
velop on the plants [7-10].

The second level of defence is induced by plants in re-
sponse to the effectors and is termed as effector-triggered im-
munity (ETI) [10]. This defence is race-specific and in-
volves both constitutive and induced responses with or with-
out hypersensitive reaction (HR), oxidative burst, signal
transduction, hormone regulation and systemic acquired re-
sistance [11, 12]. Some of these involve secondary
metabolism of synthesis of defence chemicals that are not es-
sential for the regular growth, development and reproduc-
tion of plant. Thus, there is a compromise between primary
and secondary metabolism [12].

Insect resistance has long been proposed to consist of
components like nonpreference or antixenosis, antibiosis re-
sulting in reduced fitness of the infesting insect and toler-
ance [13]. While the first two components constitute the ac-
tive plant defence system detailed above, the tolerance com-
ponent accounts for the ability of the plant to compensate
for the damage inflicted by the insect and maintain near nor-
mal growth, development and yield. This component has
been least studied in greater detail. This primary metabolis-
m-mediated insect resistance in rice may involve basic func-
tions like photosynthesis and protein synthesis. In such a sit-
uation, the ribosomal proteins (RPs) might play a role here.
The present investigation is aimed at this angle of insect re-
sistance through monitoring a subset of RP coding genes.

RPs are known to play an integral role in rRNA structure
and formation of protein synthesizing machinery in cells. Th-
ese are also crucial for the growth and development of all
the organisms. The formation of a ribosomal complex is a
compendium process requiring co-transcription, coordinated
expression and assembly of hundreds of proteins [14]. The ri-
bosomal DNA (rDNA) exists as tandemly arrayed repeats se-
parated by spacers at nucleolus organizing regions (NORs).
The nucleolus is the site of transcription of rDNA, process-
ing of primary transcripts into different rRNAs and assemb-
ly of preribosomal subunits, which together form the linch-
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pins of ribosome biogenesis [15-17]. The rRNAs and RPs to-
gether maintain the structural stability of ribosomes that per-
form diverse cellular activities required for organismal
growth and development [18]. Thus, to cope up with the
changing growth conditions and continuous exposure to ex-
ternal stimuli, which occur at different stages of the life cy-
cle in an organism, cells must normalize the ribosome
biosynthesis for its normal functioning [15, 19]. Any imbal-
ance in ribosome biosynthesis or mutations in rRNA and
RP-coding genes results in perturbed plant phenotypes,
which might also be lethal to cells. Mutations in different
RP genes caused varying consequences from morphological
changes [20-25] to embryonic lethality [26]. For example,
RPL23aA exists as two paralogs, RPL23aA and aB. While
the knockout of a4 resulted in an overall reduction in ribo-
some biogenesis producing phenotypes characterized by
growth retardation and reduced fertility, the knockout of aB
showed no obvious phenotypic consequences [27]. Also,
RPL23aB was found to be the only paralog that did not
show any phenotypic change upon knockout [28]. However,
these variations in a4 and aB knockout mutations have been
attributed to their native expression levels, pointing to the
fact that these two paralogs are functionally equivalent [29].

It has been observed that upregulation of RP genes in
plants under abiotic stress conditions might suggest a differ-
ential reconstruction of protein-synthesizing machinery by
the incorporation of different paralogous members of RPs in
different situations [30-36]. This heterogeneity of ribosomes
formed by different combinations of RP paralogs is con-
trolled by specific cell types, developmental stages and envi-
ronmental factors [34, 37]. The high ribosomal heterogenei-
ty, a characteristic feature of sessile plants has been attribut-
ed to their potential to adapt under different environmental
signals [30, 35]. Although there are no significant reports on
the contribution of RP genes in conferring resistance to
pests, we have identified potential Ribosomal Protein Large
(RPL) subunit genes (RPL23a and RPL6) to be significantly
upregulated in studies for enhanced water-use efficiency
(WUE) in indica rice following gain of function mutagene-
sis through the activation tagging approach [38]. Subsequent-
ly, we studied the regulatory roles of all the RPL and RPS
genes under different external stimuli and observed the signi-
ficant up-regulation of a considerable number of these genes
under several stresses including abiotic and biotic conditions
in rice [39, 40]. In the present investigation, we made a tran-
script analysis of selected 70 out of 255 RP genes in suscepti-
ble (BPT5204) and resistant (RPNFO05) genotypes of indica
rice challenged by two major insect pests, BPH and GM.
We have also tried to identify the potential candidate RP
genes that are specifically or commonly upregulated in one
or both the above genotypes.

2. MATERIALS AND METHODS

2.1. Nucleotide Sequence Retrieval of RP Genes

The nucleotide sequences of all the RP genes were re-
trieved from MSU Rice Genome Annotation Project data
base (RGAP-DB)' under putative function search tool using
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a keyword ‘ribosomal’. This search provided a list of a total
of 428 genes. Because plants also contain chloroplast ribo-
somes, the 50S and 30S RP genes were excluded and only
cytosolic RP genes were selected. The large and small subu-
nit genes were differentiated based on their prefixes. The
genes starting with a prefix 60S or ‘L’ (for large) were con-
sidered as RPL genes and those starting with 40S or ‘S’ (for
small) were categorized as RPS genes. According to the lat-
est update of RGAP-DB, the cytosolic ribosomal proteins of
rice are encoded by at least 70 genes out of a family of 255
RP genes that include paralogs [38-40]. In the current study,
these 70 RP candidate genes (35 RPL and 35 RPS) exclud-
ing the paralogs were selected for transcript analysis. After
sequence retrieval, the 70 genes were validated by a BLAST
search in other databases like NCBI’, RAP-DB’ and Phyto-
4
zome'.

2.2. In silico Putative Promoter Analysis of RP Genes

To determine the presence of cis-elements that respond
to wound signaling resulting from insect attack, about 1 kb
nucleotide sequence upstream from each of 70 RP genes
was retrieved from RGAP-DB and submitted to the Plant-
CARE’ database. The complete list of cis-elements in pro-
moter regions of RP genes has been reported in the pub-
lished literature [39, 40] and those concerning insect attack
responses have been emphasized here.

2.3. Plant Growth Conditions and Infestation with Insect
Pests

Two rice genotypes, BPT5204 and RPNF05 were used
in this study. BPT5204 is susceptible to both pests and is ob-
tained from the Indian Institute of Rice Research, Hyder-
abad, India. RPNFO05, which has been shown to exhibit mod-
erate to a high level of resistance against BPH and GM, re-
spectively is collected from the Agri Biotech Foundation,
Hyderabad, India [41, 42] and is used as a positive control.
It is a derivative of BPT5204 obtained by systematic intro-
gression of bacterial blight (Xa21, xal3 and xa5), fungal
blast (Pi54) and GM resistance genes (GmI, Gm3, Gm4 and
Gm8) [42]. Hence, the background of both the genotypes
used in this study is similar except for the introgression of
the desirable genes governing pest stress tolerance in RPN-
FO05.

The growth of BPT5204 and RPNFO05 genotypes and
their infestation with gall midge (GM) and brown planthop-
per (BPH) were performed as mentioned earlier [42]. In
brief, rice seeds of both the genotypes were sown in plastic
trays (60 X 40 X 7 cm) and plants were raised under green
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house conditions (30 & 2°C, 16 hour (h) light/ 8 h dark pho-
toperiods, (Supplementary Fig. 1a). Three-week-old plants
were challenged with gall flies belonging to gall midge bio-
type 1 (GMBI1) for 24-48 h, following which the plants were
shifted to a humidity chamber for the next 48 h to facilitate
hatching of eggs. On the fifth day (120 h), some of the
plants were observed for the presence of maggots at the api-
cal meristem region through plant dissection to confirm the
infestation. Stem samples of 2 cm length above the soil level
were cut at 24 and 120 hours after infestation (HAI) and
stored in liquid nitrogen for RNA isolation. Samples collect-
ed from uninfested plants of similar age groups grown under
similar conditions were used as corresponding controls for
double normalization. All the samples were collected in bio-
logical (independent experiments) and technical triplicates
for transcript analysis. Likewise, three-week-old test plants
were infested with BPH nymphs, and lower leaf sheath sam-
ples were collected at 6 and 12 HAI (Supplementary Fig.
1b).

2.4. Total RNA Extraction, cDNA Synthesis and Quanti-
tative-PCR (qRT-PCR)

Total RNA was isolated from shoot samples of infested
and uninfested BPT5204 and RPNFO05 plants using the Tri-
zol (Sigma-Aldrich, US) method. About 2 pg of total RNA
was used to synthesize the first-strand cDNA with reverse
transcriptase (Takara Bio, Clontech, USA). The cDNA was
diluted in 1:7 ration with sterile Milli-Q water and 2 pl of
this diluted cDNA was used for analyzing the transcript lev-
els of RPL and RPS genes in the two genotypes. The rice-
specific RPL and RPS primers, designed through the
primer-3° tool was used in qRT-PCR. Primer sequences used
in the study are listed in Supplementary Table 2. The qRT-
PCR was performed using SYBR Green R Premix (Takara
Bio, USA). The qRT-PCR cyclic conditions included an ini-
tial denaturation at 94 °C for 2 min, followed by 40 cycles
of 94 °C for 15 s, an annealing temperature specific to each
RP gene for 25 s and an amplicon extension step at 72 °C
for 30 s. This was followed by a melting curve step to ana-
lyze the specificity of each amplicon. The qRT-PCR was per-
formed as three technical and biological repeats and the fold
change was calculated using the standard AAC; double nor-
malization method [43].

2.5. Statistical Analysis

The fold change in each BPH and GM infested sample
was normalized with the corresponding uninfested samples
using two reference genes, act-1 and S-tub that are specific
to rice. The mean fold change of each replicate obtained af-
ter normalization with these two genes was considered as
the final fold change. In this study, genotype and the infesta-
tion time were the major experimental factors. A two-way
analysis of variance (ANOVA) was employed for each gene
on all replicates to look for effects of genotype and infesta-
tion time and their interactions. Tukey’s pairwise compari-
sons were used to calculate the statistical significance. Proba-
bility of P < 0.05 was considered as statistically significant.
SigmaPlot v.11 and R program v.3.6.3 were used for statisti-
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cal analyses. The P values obtained from two-way ANOVA
were adjusted with a Bonferroni correction in Microsoft ex-
cel v.2013 following the instructions available on web tool’.
The transcript patterns of RP genes were also represented in
the form of heatmaps constructed using the mean of fold
change values. These maps were generated with the online
program, Morpheus".

3. RESULTS

3.1. In silico Analysis of RP Gene Upstream Promoter
Sequences

The upstream nucleotide sequences up to 1 kb from the
transcription start site of each of 70 genes were assessed for
the presence of cis-elements that were shown to be associat-
ed with wound signaling in earlier reports. A majority of the
promoter sequences were found to have elements that re-
sponded to phytohormones such as salicylic acid (TCA-mo-
tif), ethylene (Ethylene-responsive element) and methyl jas-
monate (TGACG and CGTCA motifs). In addition, the mo-
tifs associated with wound signalling like W-box and WUN--
motif are also present. Nine RPL and four RPS genes have
W-box motif; one RPL and two RPS genes have WUN-mo-
tif, 11 RPL and 15 RPS genes have one TCA element, three
RPL and four RPS genes have one ERE-element, 21 RPL
and 26 RPS genes have the TGACG motif, 14 RPL and 25
RPS genes exhibited the CGTCA motif in their upstream re-
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gions. The list of these cis-elements in the promoter regions
of RP genes has been summarized in Supplementary Table
2.

3.2. Differential Transcriptional Regulation of RPL
Genes in Response to BPH and GM

The cytoplasmic RPs of rice are encoded by atleast 70
genes out of a family of 255 RP genes including paralogs.
These 70 genes (35 RPL and 35 RPS) excluding the paralogs
were selected in the present study to investigate their re-
sponse to infestation by the BPH and GM pests at two differ-
ent time points. Those genes that exhibited >2fold transcript
levels were considered as upregulated. The original P values
obtained from two-way ANOVA were adjusted with a Bon-
ferroni correction. The term significance hereafter refers to
statistical significance at P < 0.05 from P adjusted values.
Overall, transcript profiles of 35 RPL genes in both the sus-
ceptible BPT5204 and the resistant RPNFO05 following infes-
tation by either BPH or GM revealed that a predominant
number of genes were downregulated in comparison to the
number that was upregulated. These pests induced the down-
regulation of a large number of RP genes (>80%) in RPN-
FO5 than in BPT5204 (Fig. 1). In BPT5204, BPH infestation
at 6 HAI resulted in 11 upregulated RPL genes, while 24
were downregulated. At 12 hai with BPH, 30 of the 35 RPL
genes were upregulated as against the remaining five genes
that were either downregulated or unaffected.
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Fig. (1). Transcript profiles of RPL and RPS genes.
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Opverall, transcript profiles of 35 RPL and RPS genes in both the susceptible BPT5204 and the resistant RPNF05 following infestation with ei-
ther BPH or GM revealed a predominant number of genes to be downregulated in comparison to the number that was upregulated. The num-
bers on the y-axis correspond to the mean of the total number of RP genes that were up or downregulated after technical and biological tripli-
cate experiments. The blue bars are RPL and the orange bars indicate RPS genes. *UP, upregulated; DN, downregulated BPH6, brown plan-
thopper 6 HAIL; BPH12, brown planthopper 12 HAI; GM24, gall midge 24 HAIL; GM120, gall midge 120 HAL (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).
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Further, six genes viz., RPL4, L7, L10, L12, L15 and L22
among the 11 upregulated RPL genes registered significant
transcript levels of >10-fold at 6 hai with BPH in BPT5204.
Among those that were downregulated, RPLI4, L19.3,
L27.3, L31, L32, L34, L35a.3 and L36.2 were significant. At
12 hai, 30 genes were upregulated, of which 14 genes
(RPL4, L6, L7, L8, L11, L12, L13a, L13b, L21.2, L22,
L26.1, L27.3, L28 and L38) were of >10-fold magnitude and
upregulation of 19 genes (RPL3, L7, L11, L13a, L13b, L18a,
L19p, L19.3,L21.2, L22, L23a, L26.1, L27.3, L28, L29, L31,
L32, L36.2, L38) was significant. At both, the time points,
three genes (RPL7, L12 and L22) had higher transcript lev-
els, with the upregulation of RPL7 and L22 being signifi-
cant. In RPNFO05, only RPLI5 (15-fold) and L5/ (4-fold)
were significantly upregulated at 6 hai and transcripts of the
remaining 33 genes were downregulated. Among these, ex-
pression of 18 genes (RPL3, L4, L7, L11, L12, L18a, L19.3,
L21.2, L234, L24b, L27.3, L29, L30e, L31, L32, L34, L36.2
and L51) became significantly declined. At 120 hai, four
genes, RPL15 (10-fold), L22 (6-fold), L26.1 (23-fold) and
L38 (14-fold) showed high upregulation, whereas RPL7 and
L11 were moderately induced (3-fold) (Fig. 2a). The upregu-
lation of all these transcripts except RPL26.1 was signifi-
cant. Interestingly, RPL51 was significantly upregulated in
RPNFO05 and downregulated in BPT5204 at 6 hai. Likewise,
RPL15 was significantly upregulated in RPNFO5 but signifi-
cantly downregulated in BPT5204 at 12 HAIL

Of the seven upregulated genes (RPL4, L6, L13b L21.2,
L22, L27.3 and L30e) in BPT5204 at 24 hai following GM
infestation, L22 and L4 exhibited 10 and 19-fold induction
in transcript levels, respectively. The upregulation of RPL4,
L27.3 and L30e and the downregulation of RPL3, L5, L18p,
L24a, L24b, L26.1, L36.2, L37 and L44 were significant. At
120 hai, L30e recorded highest and significant (62-fold) up-
regulation and the transcripts of RPLS, L29, L3] and L34
were moderately induced. In RPNFO0S5, only RPLI5 and
L18a were moderately upregulated at 24 hai with GM. The
upregulation of L/8a was specifically noticed in RPNFO0S5,
which was downregulated in BPT5204. A significant down-
regulation was observed in transcripts of RPLS, L11, L18a,
Li8p, L21.2, L23a, L24a, L26.1, L27.3, L32, L35a.3, L38,
L44 and L51. At 120 hai following GM infestation, 16 genes
were significantly downregulated. Among the upregulated
ones, RPL15, L36.2 and L38 were significantly induced with
the transcript level of L15 showing the highest upregulation
(50-fold), but these were downregulated in BPT5204 (Fig.
2b). Also, RPL15 was significantly and highly activated in
RPNFO05 at 6 hai with BPH and 120 hai with GM but was
downregulated at 120 hai with GM in BPT5204. The tran-
scripts of RPLI14, L23a, L24a and L24b were commonly
downregulated in response to BPH and GM infestations in
both BPT5204 and RPNFO05 genotypes. Of these, the down-
regulation of RPL14 at 6 hai and L24b at 12 hai with BPH in
BPT5204 was significant, which was also significantly no-
ticed at both the time points with GM infestation in RPN-
FO05.

Moin et al.

3.3. Differential Transcriptional Regulation of RPS
Genes

The overall response of RPS genes was similar to that
noted for RPL genes with the majority of them being either
downregulated or unaltered in response to either BPH or
GM infestation in both susceptible BPT5204 and resistant
RPNFO05 genotypes. Notable exceptions were at 24 hai with
GM in BPT5204 wherein a slightly higher number of RPS
genes were upregulated than those downregulated, in con-
trast to RPL genes. But, as in the case of RPL genes, a high-
er number of RPS genes were also upregulated in BPT5204
at 6 hai following BPH infestation.

Among the induced genes, more than 10-fold upregula-
tion was noted in 12 genes (RPS4a, S5, S6, S6a, S13, S13a,
S18, 821, S23a, S$24, S25a and S27a) at 6 hai with BPH in
BPT5204 and a significant upregulation was observed in RP-
S5, 813, 818, 821, S23a, §25a and S27a. At 12 hai, the tran-
scripts of RPS5, S10, S13a, S17, S23a, and S25 were signifi-
cantly upregulated, whereas RPS4, S4a, S5a, S6a, S7, S9-2,
S18, S18a, S18b, S19, S21, 8§23, S27, S28 and S30 were signi-
ficantly downregulated. In RPNFO0S5, only RPS23a became
significantly upregulated (5-fold) at 6 hai, whereas at 12 hai,
six genes such as RPSS, S5a, §6, S13, S23a and S25a were
upregulated. Among these, the highest induction was no-
ticed in the transcripts of S23a (37-fold) and RPS25a (13--
fold) and a significant upregulation was observed in RPSS
and S6 (Fig. 3a). The transcript levels of RPS5a (5-fold)
were specifically upregulated at 12 hai with BPH in RPN-
FO5 but was downregulated in BPT5204 suggesting its possi-
ble role in resistance.

In response to GM at 24 HAI in BPT5204, a total of 19
genes were induced. Among them, high upregulation (more
than 10-fold) was noted in four genes (RPS4, S6, SI3 and
S13a) and a significant upregulation was observed in 10
genes (RPS4, S6, SS7a, S13a, S15, S18b, S21, §523a, S24
and S25a). At 120 HAIL, only RPS7, S10a, S15 and S18 were
upregulated (Fig. 3b). RPS15 was consistently upregulated
at both the time points. In RPNFO05, the transcript level of on-
ly RPS25a was induced at 24 hai, whereas three genes (RP-
S5, §9.2 and S25a) were upregulated specifically at 120 hai
but were downregulated in BPT5204. The up and downregu-
lation of RPS5 in RPNFO05 and BPT5204, respectively was
significant.

In summary, seven of the RP genes viz., RPL51, RPLIS5,
RPLI18, RPS5, RPS5a, RPS9.2 and RPS25a were shortlisted
for their possible involvement in insect resistance. These
genes were selected because of their specific upregulation in
resistant genotype at a given time point in either of the two
pests. The differential transcript levels of RPL and RPS
genes were also depicted in the form of heatmaps (Fig. 4).
Each grid in the map corresponds to a particular RP gene,
with the dark-colored ones exhibiting higher transcript lev-
els whereas, the pale-colored grids represent weak or no in-
duction. We have also shortlisted the genes that exhibited an
overlap in transcript levels or those that were commonly up
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Fig. (2). Graphical representation of the differential transcriptional response of individual RPL genes.

To understand the transcript patterns of individual RPL genes upon infestation with (a) BPH and (b) GM pests, bar diagrams were construct-
ed for each RPL gene separately. The data on the y-axis is the relative fold change calculated using the AAC; method, whereas treatments are
indicated on the x-axis. The asterisks in bar diagrams represent statistical significance at P < 0.05 obtained after adjusting probability values
of two-way ANOVA with Bonferroni correction. Different colored grids at the bottom of each figure correspond to the type of treatment. Bar
diagrams were generated using statistical program R v.3.6.3, two-way ANOVA was calculated in SigmaPlot v.11 and p values were adjusted
in Microsoft excel v.2013. *UT, untreated; BPH, brown planthopper; GM, gall midge. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).
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Fig. (3). Differential transcript patterns of individual RPS genes.
The bar diagrams were constructed separately for each RPS gene upon infestation with (a) BPH and (b) GM pests. These were prepared us-
ing the statistical program ‘R’ v.3.6. The statistical significance at P < 0.05 obtained after adjusting the original p values of two-way ANO-
VA with Bonferroni correction was represented with asterisks in bar diagrams. The data on x and y-axis corresponds to the treatment and the
relative fold change, respectively. Statistical program R v.3.6.3 and SigmaPlot v.11 were used to draw the bar diagrams and calculate two-
way ANOVA, respectively. *UT, untreated; BPH, brown planthopper; GM, gall midge. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).
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Fig. (4). Heatmap depiction of differential transcriptional regulation of RP genes.

Heatmaps were used to represent the transcript levels of RPL and RPS genes infested with (a, b) BPH and (¢, d) GM pests. These were gener-
ated by incorporating the mean of fold change values obtained from three biological and three technical replicates normalized by the AAC;
method. The hierarchical clustering of genes with one minus Pearson correlation and average linkage method was used to group the genes
with similar transcript patterns. A color scale is provided at the left and right bottom of the figure that denotes an increase in transcript levels
from a gradient of light to dark color. The light-colored grids indicate a decrease in transcripts and the dark-colored grids correspond to an in-
crease in transcript levels. The asterisks in the grids represent statistical significance at P < 0.05 calculated through two-way ANOVA using
SigmaPlot v.11 and adjusted with Bonferroni correction. Heatmaps were developed using an online program, Morpheus. *UT, untreated;
BPH, brown planthopper; GM, gall midge. (4 higher resolution / colour version of this figure is available in the electronic copy of the
article).

R

Fig. (5). Venn diagrams representing the inducible up and downregulation of RP genes.

The Venn diagrams were used to depict the total number of commonly (a) up and (b) downregulated RPL and (¢) up and (d) downregulated
RPS genes at 6 and 12 h after BPH and 24 and 120 h of GM infestation in BPT5204 and RPNFO05 genotypes of rice. *BPH, brown planthop-
per; GM, gall midge. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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or downregulated. Venn diagrams were used to describe this
overlap in transcript patterns (Fig. 5) and the list of these
genes was provided in Supplementary Table 3. The P values
of each gene under a given insect treatment calculated
through two-way ANOVA were adjusted with a Bonferroni
correction and the statistical significance of RPL and RPS
genes was represented in Supplementary Tables 4 and 5, re-
spectively.

4. DISCUSSION

Plants, being sessile, respond to changing environmental
conditions by maintaining an equilibrium between their
growth and development and stress adaptation mechanisms
[44]. One of the important cellular changes that occur during
the onset of stress is the regulation of protein turnover start-
ing from transcription through translation to post-translation-
al modifications including protein ubiquitination [45, 46].
Phytohormones are also the critical regulators of tolerance
to biotic and abiotic stresses besides their role in growth and
development [47, 48]. While abiotic stresses induce the mod-
ulation of ABA, auxin, methyl Jasmonate (MeJa), and sali-
cylic acid (SA) responsive genes, the biotic stresses also in-
volve genes responsive to the same phytohormones along
with cytokinin and ethylene [49, 50]. MeJa and/or SA are
found to be positive regulators of resistance to certain insect
pests or pathogen attacks whereas, ABA generally acts as a
negative regulator [51, 52].

There have been extensive studies on understanding the
morphological, anatomical, biochemical, physiological and
molecular basis of insect resistance in rice [5]. One ap-
proach for these studies is based on functional genomics
with the genetic characterization of resistance (R) genes,
their cloning and understanding the function of these cloned
genes [53] while the other approach has been through the
studies on a set of resistant versus susceptible varieties and
following their responses to insect infestation [54, 55]. Th-
ese two approaches are yet to merge and provide a vivid un-
derstanding of the three basic components of insect resis-
tance viz., antixenosis, antibiosis and tolerance [13]. Our cur-
rent understanding of antixenosis or non-preference is
through green leaf volatiles like (Z)3-hexanol that attracts
BPH [56] and/or natural enemies of the pest through rice hy-
droperoxide lyase (OsHPL3) gene function [57]. Antibiosis
component in terms of insect development, survival and fe-
cundity could be the result of reduced feeding due to me-
chanical obstruction or due to the presence of toxins or lack
of essential nutrients in the plant [58]. The tolerance compo-
nent of planthopper resistance is not well studied. This may
be because it is not a true defence pathway, but represents
general vigor and enhanced photosynthesis under stress con-
ditions [59, 60]. The underlying genes may be mostly consti-
tutively expressed and difficult to capture by over-expres-
sion or omics studies.

Ribosomes, being the essential cellular moieties, re-
spond to the environmental cues likely by the co-ordinated
transcriptional upregulation of a few selected or a group of
RP genes [39, 40]. The upregulation of a majority of RP
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genes was also observed in response to macro element defi-
ciency in Arabidopsis [61]. This transcriptional induction of
genes involved in ribosome biogenesis is a strategy adapted
under stresses [17, 62]. The induction might also help in
maintaining or improving the synthesis of not only of its
own proteins involved in inducing structural stability but al-
so of the other transcription factors or signal transduction
proteins under the conditions of stress [63]. In response to
both abiotic stresses and insect pests, we noticed the upregu-
lation of a large number of RP genes. The transcripts of
some of these genes responded by immediate upregulation
after the onset of stress and some were elevated to high fold
levels. This co-ordinated high and instantaneous activation
of RP genes in response to invaders might function as an im-
mediate defence. In rice, the RPs are encoded by at least 70
genes, of which, the proteins of large and small subunits are
encoded by 35 genes each. A majority of these RP genes fur-
ther exist as 2-3 paralogs in the rice genome taking the total
number of RP-encoding genes to 255. Thus, the same RP is
encoded by several paralogous genes. The presence of a
large number of RP genes suggests that the RPs in a riboso-
mal complex are heterogeneous. The RP synthesized from a
member of a paralogous group is incorporated into a given ri-
bosome in a particular tissue or under a given condition
[64]. The existence of a large number of RP gene paralogs
in plants compared to other biological systems means that
some thousands of RP combinations and hence, the forma-
tion of functionally dedicated ribosomes are possible [33-37,
65]. Environmental stress plays a major role in modifying ri-
bosomal composition by differential expression of RP genes
[66, 67]. The likely existence of dedicated ribosomes and
multiple divergent paralogs provides a platform for mining
individual RP gene functions, particularly in stress respons-
es. Therefore, the identification of specific RP genes that re-
spond to environmental signals is the first step in this direc-
tion.

Our studies of activation tagged gain-of-function mu-
tants revealed the activation of two RPL genes, RPL6 and
RPL23a, for enhanced water use efficiency (WUE) trait in
rice, indicating their involvement in extra-ribosomal activi-
ties apart from their basic cellular functions [38]. Subse-
quent transcript analysis of the entire RP gene family indicat-
ed that they were differentially regulated under various abiot-
ic stresses [39, 40]. Further, functional validation of one can-
didate RPL gene, RPL23a, under multiple abiotic stress treat-
ments highlighted the role of RP genes in the amelioration
of abiotic stresses in rice [68]. However, the response of RP
genes under pest attack is less investigated and no direct re-
port is hitherto available to suggest their role in insect resis-
tance.

In the current study, we have conducted a differential
transcript analysis of RP genes in response to infestation by
two divergent insect pests representing gall-forming ones
and phloem feeders. Here, we have also shortlisted the genes
that were highly induced under a given insect challenge in
each genotype. These included the genes that were common
to both the genotypes and also the genes that were specifical-
ly upregulated in the resistant genotype, RPNFO05. Taken to-
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gether, we noticed the upregulation of a large number of
RPL genes in the susceptible genotype, BPT5204, compared
to RPNFO05 against BPH. Therefore, it is unlikely that such
genes are involved in resistance against BPH but instead con-
tribute to susceptibility in BPT5204. Modulation or overlap
in the upregulation of a few RPL genes in both BPT5204
and RPNFO05 under infestation with GM suggests that they
have no possible role either in susceptibility or resistance.
Unlike RPL, the RPS genes, in general, were low responding
in numbers against either BPH or GM infestation in either of
the genotypes. When the response of individual gene(s) was
considered, some of the common genes like RPL7, L12 or
RPS6, S13 and S23a against BPH or RPS23a against GM
were activated independently of genotype or stress indicat-
ing that they might not have a specific role in insect-plant in-
teractions. In contrast, the genes, including RPL15, L51,
L18a, RPS5, S5a, §9.2 and S25a which were specifically up-
regulated in the resistant genotype, RPNFO0S5, but not in BP-
T5204 either against BPH or GM suggest their possible role
in plant resistance against the corresponding pest. RPL15
was also found to be highly upregulated in response to bacte-
rial blight [39]. RPL15 also contains a MeJa-responsive mo-
tif (CGTCA) in its promoter region. The upstream sequence
of RPLI18a was found to have SA (TCA-element) and Me-
Ja-responsive (CGTCA and TGACG) cis-elements that re-
sponded to wounding or mechanical damage induced by
pests. This gene was also highly upregulated under abiotic
stress treatments [39]. Among the RPS genes, the transcript
levels of RPS5a were specifically upregulated at 12 hai with
BPH whereas RPS5, $9.2 and S25a were upregulated at 120
hai with GM in RPNFO05. The promoter regions of these
three genes carry both MeJa-responsive motifs (CGTCA and
TGACQG). In our previous study, several RPL genes includ-
ing RPL6, L10, L11, L15 and L24a also showed consider-
able upregulation in rice plants infected with bacterial blight
causing Xanthomonas oryzae pv. oryzae [39]. RPL6 and L10
were also activated in samples treated with MeJA and SA,
the key hormones involved in plant defence mechanisms
against insects and pathogens [39]. The proteins encoded by
wound-responsive genes are involved in either direct repair-
ing of damage site, inhibiting growth of the pest, eliciting
the defence signaling cascade or modulating the plant
metabolism to compensate the nutritional loss [69].

In addition to forming dedicated ribosomes to translate
specific mRNAs [34-37, 70], the involvement of RPs in de-
fence-related signals might also occur by individually inter-
acting with a network of other proteins to form a functional
circuit [71]. In humans, RPL6, L8 and RPS14 were found to
be important members of repair signaling cascade that are re-
cruited at sites of DNA damage induced by environmental
stresses [71]. The temporal and resistant genotype-specific
upregulation of these RP genes upon challenge with BPH or
GM along with the presence of related stress-responsive ele-
ments and their repeats on their respective putative promoter
regions further provides a strong basis for their possible in-
volvement in providing resistance to these pests. The differ-
ential regulation of RP transcripts in response to infestation
by two pests at two different time points might have oc-
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curred co-ordinately to change the canonical ribosomal com-
position to translate specific stress-related mRNAs. In addi-
tion to the exchange of paralogs, ribosome heterogeneity al-
so includes sequence variation of rRNAs, absence of specif-
ic RPs, posttranscriptional or posttranslational modifications
of rRNA or RPs [36]. For instance, the up and downregula-
tion, respectively of 11 and 24 RPL genes at 6 hai with
BPH; 30 and five genes at 12 hai in BPT5204 in the current
study can be correlated with ribosome heterogeneity for
adaptation under different stress levels. Alternatively, the up-
regulated genes might also have specialized functions in in-
ducing resistance [72-74]. This should be investigated in fu-
ture studies. The genes that were specifically upregulated
(RPL15, L51, L18a, RPSS5, S5a, S9.2 and S254) in resistant
genotype might directly participate in defence-related signal
transduction pathways or probably involved in primary
metabolism-mediated tolerance component of insect resis-
tance such as enhancing overall photosynthesis and vigor of
the plant under stress.

The tolerance component of resistance is important in
rice against BPH [75]. It refers to the genetic ability of the
genotype that can compensate for the loss inflicted by the in-
sect through feeding. The physiological basis of tolerance
covers an increased rate of photosynthesis and primary
metabolism as studied in rice varieties like Triveni, Utri Ra-
japan and Kenchana [75]. Increased activities of the majori-
ty of both RPL and RPS genes in BPT5204, but not in RPN-
FOS5 at 6 and 12 hai with BPH strongly suggest enhanced pro-
tein synthesis to gear up production and transport of primary
metabolites, especially, sugars. Among these, RPL22 dis-
played more than 40-fold upregulation in BPT5204 at both
the time points while it was either not induced or poorly in-
duced in RPNFO05 at the corresponding time points. Like-
wise, RPS6a, RPS17 and RPS21 among RPS genes regis-
tered more than 25-fold upregulation in BPT5204 with little
or no induction in RPNFO0S5. While induction of these genes
suggests a strong component of tolerance in BPT5204
against BPH, more greenhouse studies are needed to con-
firm this observation. Interestingly, one of the RPS genes,
RPS23 was highly induced in RPNF05 compared to BP-
T5204 against BPH at 12 hai. The observations from this
study on differential induction of RP genes under pest treat-
ments with specific upregulation of a few of them in resis-
tant genotype clearly point to their involvement in extra-ribo-
somal functions like stress responses and possibly in induc-
ing resistance.

CONCLUSION

The information provided in this study on the differen-
tial transcriptional analyses of selected RP genes in response
to two economically important pests in rice needs to be ex-
ploited further by independent functional characterization of
the selected genes. In particular, investigations on the RPL
and RPS genes that are specifically upregulated in the resis-
tant genotype is of importance and such genes require fur-
ther focus in the direction of developing transgenic crop
plants resistant to the respective pests.
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