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Abstract

Background: Peroxiredoxins (PRXs) have recently been identified as plant antioxidants. Completion of various
genome sequencing projects has provided genome-wide information about PRX genes in major plant species. Two
of these — Oryza sativa (rice) and Arabidopsis — each have 10 PRX members. Although significant progress has been
made in understanding their biological roles in Arabidopsis, those functions in rice, a model crop plant, have not
been well studied.

Results: We performed a comparative expression analysis of rice and Arabidopsis PRXs. Our phylogenetic analysis
revealed that one subgroup contains three rice and three Arabidopsis Type-Il PRXs that are expressed ubiquitously.
This suggests that they are involved in housekeeping functions to process reactive oxygen species (ROS). Within the
second subgroup, expression of Os1-CysPrxA (LOC_Os7g44430) and AtOs1-CysPrx is conserved in seeds while
Os1-CysPrxB (LOC_Os7g44440) shows a root-preferential pattern of expression. We used transgenic plants
expressing the GUS reporter gene under the control of the promoters of these two tandem duplicates to confirm their
meta-expression patterns. Our GUS expression data from developing seeds and those that were germinating
indicated that Os7-CysPrxB is involved in root development, as initiated from the embryo, while Os7-CysPrxA has
roles in regulating endosperm development near the aleurone layer. For the third and fourth subgroups, the rice
PRXs are more likely to show leaf/shoot-preferential expression, while those from Arabidopsis are significantly
expressed in the flowers and seeds in addition to the leaf/shoot. To determine the biological meaning of those
expression patterns that were dominantly identified in rice PRXs, we analyzed three rice genes showing leaf/
shoot-preferential expression in a mutant of the light-responsive 1-deoxy-D-xylulose 5-phosphate reductoisomerase
(dxr) gene and found that two of them were significantly down-regulated in the mutant.
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Conclusion: A global expression analysis of the PRX family in rice identified tandem duplicates, Os7-CysPrxA and
Os1-CysPrxB, in the 1-CysPrx subgroup that are differentially expressed in developing seeds and germinating seeds.
Analysis of the cis-acting regulatory elements (CREs) revealed unique CREs responsible for embryo and root or
endosperm-preferential expression. In addition, the presence of leaf/shoot-preferential PRXs in rice suggests that
they are required in that crop because those plants must tolerate a higher light intensity in their normal growth
environment when compared with that of Arabidopsis. Downregulation of two PRXs in the dxr mutant causing an
albino phenotype, implying that those genes have roles in processing ROS produced during photosynthesis.
Network analysis of four PRXs allowed us to model regulatory pathways that explain the underlying protein
interaction network. This will be a useful hypothetical model for further study.

Keywords: Arabidopsis, cis-acting regulatory elements, Rice, Peroxiredoxin family, Gus, Tandem duplication

Background
Peroxiredoxins (PRXs) catalyze the decomposition of per-
oxides and function in diverse compartments to protect
cells against damage from reactive oxygen species (ROS)
(Dietz 2003). The PRX family contains thiol-dependent
peroxidases that are evolutionarily widespread in bacteria,
fungi, animals, cyanobacteria, and plants (Umate 2010;
Dietz et al. 2006; Bhatt and Tripathi 2011). Completion of
several genome sequencing projects has provided
genome-wide information about PRX genes in major plant
species. According to their primary structure, they have
been classified into four functional subgroups: PrxQ, 1-
CysPrx, 2-CysPrx, and Type-II Prx (Umate 2010). In
Suaeda salsa, PrxQ helps determine tolerance to abiotic
stresses such as cold and salt (Jing et al. 2006), 1-CysPrx is
involved in delaying seed germination under abiotic stress
(Haslekas et al. 2003), PrxIIE represses protein nitration
and is active in pathogen defenses (Romero-Puertas et al.
2007), while PrxIIF regulates root growth in the presence
of cadmium and salicylhydroxamic acid (Haslekas et al.
2003). Two model systems, Oryza sativa (rice) and Arabi-
dopsis thaliana (herein Arabidopsis), have 10 and 11 PRX
members, respectively, in their genomes (Umate 2010).
Based on their subcellular localization, the PRXs in Arabi-
dopsis comprise four subgroups: four PRXs (2-CysPrxA,
2-CysPrxB, PrxQ, and PrxIIE), localized in the chloroplast;
a PrxIIE, in the mitochondrion; a 1-CysPrx, in the nucleo-
cytoplasm; and three (PrxIIB, PrxIIC, and PrxIID), in the
cytosol (Dietz 2011). In Arabidopsis, 2-CysPrx is involved
in growth and photosynthesis (Baier and Dietz 1999;
Pulido et al. 2010). For rice, however, no genetic studies
have revealed functional roles for any PRXs except rice 1
Cys-peroxiredoxin (R1C-Prx/Os1-CysPrxA), which acts as
a dormancy regulator and an antioxidant, based on a
study with transgenic plants of tobacco, an heterologous
system, that constitutively express RIC-Prx (GenBank
Accession Number C19186; Lee et al. 2000).

Expression profiles under diverse developmental stages
and growth conditions are a simple and powerful tool
for obtaining information about genes for which

functions have not been characterized (Chandran et al.
2016a, 2016b). We recently suggested putative functions
for most members of several gene families based on the
integration of experimental and meta-expression data
(Jung et al. 2013; Jin et al. 2012; Nguyen et al. 2013;
Nguyen et al. 2014; Nguyen et al. 2015). Applying a
similar approach with the rice PRX family could help
elucidate the functions of those members.

The 2-C methyl-D-erythritol 4-phosphate (MEP) path-
way is a unique and essential process for bacteria, algae,
and plants (Proteau 2004). The final product, isopentenyl
pyrophosphate, is used for the synthesis of diverse second-
ary metabolites such as isoprenoids, carotenoids, chloro-
phylls, and tocopherols, as well as for hormones such as
gibberellins and abscisic acid (Jung et al. 2008). We
recently identified a T-DNA insertional mutant in a gene
encoding the second enzyme in this pathway, 1-deoxy-d-
xylulose 5-phosphate reductoisomerase (DXR; EC
1.1.1.267). Under greenhouse conditions, this mutant ex-
hibits an albino phenotype at the early seedling stage
(Jung et al. 2008). Co-expression of genes in the MEP
pathways with those in the pathways for chlorophyll and
carotenoid biosynthesis implies a potential relationship
among those pathways during photosynthesis (Jung et al.
2008). In addition, the photosystems are major sources for
generating ROS during photosynthesis (Pospisil 2009).
Because the four PRXs in rice are localized to the
chloroplast (Dietz et al. 2006), we are very interested in
learning how they are involved in light responses or
photosynthesis.

Here, we performed a comparative expression analysis,
within the context of a phylogenic tree, using PRX family
genes from rice and Arabidopsis. Our results suggested
probable functional orthologs between specific pairs. Tan-
demly duplicated OsI-CysPrxA/LOC_Os07g44430 and
Os1-CysPrxB/LOC_0s07g44440 showed expression that
was distinctly preferential in both developing seeds and
germinating seeds. We then used transgenic plants ex-
pressing the GUS reporter gene under the control of their
promoters to confirm the pattern of differential expression
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by these two tandem duplicates. Finally, we identified
unique cis-acting regulatory elements (CREs) for root-,
embryo-, or endosperm-preferential expression in rice. In
the rice mutant I-deoxy-D-xylulose 5-phosphate reductoi-
somerase (dxr), which is defective in the light response,
downregulation of two PRX genes indicated the involve-
ment of those proteins in DXR-mediated light signaling.

Results

Identification of rice peroxiredoxin genes and
comparative phylogenic analysis with Arabidopsis PRX
genes

Umate (2010) recently performed a phylogenetic analysis
of 11 PRX family members of rice and 10 in Arabidopsis.
However, unlike for the latter, roles for the individual
members in rice have not been well characterized.
Therefore, our objective was to assign biological func-
tions to rice PRX genes according to developmental
stage or type of tissue/organ. Our phylogenic analysis
with genes from each species indicated that one rice
member (LOC_Os07g15670) was not clustered with the
others (data not shown). After removing that one, we
had 10 from each species to examine. In all, four
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subgroups were revealed: 1-CysPrx, 2-CysPrx, PrxQ, and
Type-1I Prx (Fig. 1). Five rice and six Arabidopsis PRXs
were assigned to the Type-II Prx subgroup, two rice and
one Arabidopsis to the 1-CysPrx subgroup, two rice and
two Arabidopsis to the 2-CysPrx subgroup, and one each
for rice and Arabidopsis to the PrxQ subgroup. We hy-
pothesized that the PRXs of both species that clustered
within the same subgroup could have similar biological
functions. The tandem duplicates included three Arabi-
dopsis PRXs (AtPrxIIA, AtPrxIIB, and AtPrxIIC) on
Chromosome 1 and two rice PRXs (OsI-CysPrxA and
OsI-CysPrxB). We believe that these duplicates are prob-
ably redundant. All of the remaining genes were inde-
pendently located on different chromosomes (Additional
file 1: Figure S1).

Functional assignment of rice and Arabidopsis PRX genes
using meta-expression analysis of six tissues/organs

Although the results from our phylogenetic analysis
allowed us to infer functional similarity among rice and
Arabidopsis PRX genes clustered within the same sub-
group, we performed additional experiments to deter-
mine whether those functions were conserved between
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species. Expression patterns for most of these PRXs were
investigated based on a large collection of microarray
data (Fig. 1 and Additional file 2: Figure S2). The excep-
tion was AtPrxIID, for which no probes were available
on the Affymetrix array we used.

Within the Type-II Prx subgroup, OsPrxIIC clustered
together with AtPrxIIA, AtPrxIIB, AtPrxIIC, and AtPr-
xIID. Because its expression pattern was the most simi-
lar to that of AtPrxIIB, we inferred that they are
functional orthologs. We found it interesting that, al-
though AtPrxlIA, AtPrxIIB, and AtPrxIIC are tandemly
duplicated, their expression patterns were not similar.
Unlike AtPrxIIB, which was ubiquitously expressed,
AtPrxIIC showed root- and pollen-preferential expres-
sion, suggesting its possible role in the development of
those organs in Arabidopsis. Expression of AtPrxIIA
was suppressed overall, suggesting a loss-of-function
during evolution or possible suppression through epi-
genetic regulation. Although OsPrxIIC, OsPrxIIE2, and
OsPrxIIE3 clustered with AtPrxIIE, none of the first
three showed a pattern of expression similar to that of
AtPrxIIE. OsPrxIIF clustered with ATPRXIIF; both of
these genes were ubiquitously expressed but differed in
their patterns. In the Type-II Prx subgroup, we identi-
fied six Arabidopsis and five rice members. We con-
cluded that those genes with ubiquitous expression
patterns could have similar functions. However, the
root- and pollen-preferential functioning of AtPrxIIC
versus leaf- and shoot-preferential functioning of OsPr-
xIIE2 suggested that their expression is specific to one
species only.

In the 1-Cys Prx subgroup, Osl-CysPrxA and Os2-
CysPrxB clustered with Atl-CysPrx. Genes in this clus-
ter showed tissue- or organ-specific expression patterns.
Os1-CysPrxB was root-preferential while Os2-CysPrxA
and AtI-CysPrx were preferentially expressed in the
seed. This indicated that the seed-related functions of
genes in this subgroup might be conserved between
species. We found it interesting that expression of OsI-
CysPrxB was root-preferential in rice, suggesting a func-
tional role in root development in this crop. The
promoters of OsI-CysPrxA or Osl-CysPrxB likely con-
tain CREs that determine root- or seed-preferential ex-
pression. In the PrxQ subgroup, OsPrxQ and AtPrxQ
presented similar patterns in various tissues/organs, but
expression of the former was much higher in the flowers
and seeds when compared with the latter. In the 2-Cys
Prx subgroup, expression in the pollen and seed was
somewhat similar among Os2-CysPrxA, At2-CysPrxA,
and At2-CysPrxB. Although Os2-CysPrxB was expressed
at a very low level overall, it was most highly expressed
in pollen, indicating that genes in that subgroup have
unique functions in the development of rice pollen and
Arabidopsis seed.
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AtPrxIIC showed root- and pollen-preferential expres-
sion patterns. Although it is a possible functional ortho-
log of OsI-CysPrxB in root development, these two
genes did not show a close evolutionary relationship.
Leaf/shoot-preferential expression was only identified in
the rice PRX family (three members), while five Arabi-
dopsis PRXs and two rice PRXs were highly expressed in
the seed.

Validation of meta-expression patterns of rice PRX genes
using RT-PCR analysis

To confirm the meta-expression patterns we had
observed for the rice PRX genes, we conducted RT-PCR
analysis with seedling shoots, roots, flowers, and
developing seeds at 10 or 15 days after pollination
(DAP). For the five genes in the type-II Prx subgroup,
three (OsPrxIIC, OsPrxIl E1, and OsPrxIIF) were ubiqui-
tously expressed in the tested tissues/organs (Fig. 2).
OsPrxIIE2 showed a shoot-preferential expression pat-
tern but expression of OsPrxIIE3 was very low overall.
OsPrxQ was expressed at the highest level in the shoots
(Fig. 2). The latter gene was also significantly expressed
in flowers. Os1-CysPrxA showed the highest expression
in developing seeds while OsI-CysPrxB in the I-Cys Prx
subgroup was highly expressed in the roots. Although
expression of Os2-CysPrxA was highest in the shoots,
that of Os2-CysPrxB was very low overall. These data
were consistent with our meta-expression data, indicat-
ing that the latter, when based upon a large collection of
reference data, are reliable.

GUS expression analysis of two tandemly duplicated rice
PRX genes

Expression patterns differed between the two tandemly
duplicated rice PRX genes in the 1-Cys Prx subgroup.
For closer examination, we constructed vectors express-
ing GUS under the control of the promoters of these
two genes. Vector maps are presented in Fig. 3A and
detailed information for the promoter analyses is pro-
vided in Additional file 3: Table S1. For the assays, we
used whole seedlings, leaves, root cross sections, flowers,
developing seeds, and cross sections of germinating
seeds. As expected from the results of meta-expression
analysis in those six tissues/organs, we confirmed root-
preferential expression for OsI-CysPrxB and endosperm-
preferential expression for OsI-CysPrxA (Fig. 3). We also
found, unpredictably, that Osi-CysPrxB showed an
embryo-preferential pattern in both developing and ger-
minating seeds. This should have been expected of a
root-preferential gene because developing rice seeds
form precursors of embryonic roots at 10 or 12 DAP
(Itoh et al. 2005). All of these data suggested that these
closely linked genes have specialized roles in the devel-
opment of two major seed organs. OsI-CysPrxA was
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Fig. 2 Validation of meta-expression patterns in six tissues/organs for 10 PRX genes in rice based on gRT-PCR analysis of samples from seedling
shoots, roots, flowers, seeds at 10 DAP, and seeds at 15 DAP. Rice ubiquitin 5 (OsUbi5, LOC_0s01g22490) was used as internal control. Y-axis,
expression level relative to OsUbi5; X-axis, samples used for analyses

expressed in the aleurone layer of the endosperm in
developing and germinating seeds. Expression of this
gene expanded from the aleurone layer to the central re-
gion of the endosperm during development. Therefore,
we hypothesized that these two genes contain CREs in
their promoter regions that are essential for differential
expression.

Analysis of CREs responsible for tissue- or organ-
preferential expression patterns of tandemly duplicated
Os1-CysPrxA and Os1-CysPrxB

To identify the unique CREs that determine root/embryo
(Os1-CysPrxB/LOC_Os07g44440)- or endosperm (OslI-

CysPrxA/LOC_Os07g44430)-preferential expression, we
first found four more genes that showed expression
patterns similar to OsI-CysPrxA, and five more with
expression similar to OsI-CysPrxB. For this, we utilized
top Pearson correlation coefficient (PCC) values obtained
with the anatomy based-co-expression network tool
installed in GENEVESTIGATOR (Hruz et al. 2008;
Additional file 4: Figure S3). In silico analysis of CREs in
promoter regions that included the first intron or exon (in
the case of genes without an intron) of five genes in the
Os1-CysPrxA group and six genes in the OsI-CysPrxB
group revealed the presence of 40 CREs common to the
promoter regions of both groups. This was accomplished
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Fig. 3 Validation of differential expression patterns for two tandemly duplicated rice genes using GUS reporter system. a Maps of promoter-GUS
vector for tandemly duplicated genes LOC_0s07g44430 (upper) and LOC_Os07g44440 (lower). b-e GUS activity in transgenic plant carrying
pLOC_0s07g44440-GUS vector, using samples from whole seedling (b), flower (c), germinating seed (d), and developing seed at 3, 6, 10, 15,

and 20 DAP. (e). f-i GUS activity in transgenic plant carrying pLOC_0s07g44430-GUS vector, using samples from whole seedling (f), flower (g),

germinating seed (h), and developing seed at 3, 6, 10, 15, and 20 DAP (i)

J

using the PLANTPAN 2.0 database (Chow et al. 2016).
The Os1-CysPrxA group contained 65 CREs in common,
from which we selected 25 unique CREs in the promoters
of that group as candidate CREs responsible for
endosperm-preferential expression after 40 CREs were
removed that are conserved in the promoters of the OsI-
CysPrxB group (Additional files 5 and 6: Tables S2, S3). Of
most interest to us were the four abscisic acid (ABA)-re-
sponsive CREs as well as those related to seed de-
velopment, ie, ABREDISTBBNNAPA/GCCACTTGTC,
ABREAZMRAB28/GCCACGTGGG, ABREBZMRAB28/
TCCACGTCTC, and ABREOSRAB21/ACGTSSSC. We
also found three related to seed germination, ie.,
GADOWNAT/ACGTGTC, TATCCAYMOTIFOSRAMY
3D/TATCCAY, and TATCCAOSAMY/TATCCA, in the
promoters of the Os1-CysPrxA group (Additional files 6
and 7: Tables S3, S4). Of the selected CREs for

endosperm-preferential expression, TATCCAYMOTIFOS
RAMY3D was more frequently identified than the others
in those promoter regions (Fig. 4). The TATCCAYMOTI
FOSRAMY3D motif was originally identified in the 5" up-
stream regulatory region of rice a-Amy3D and is essential
for the regulation of this gene by sugars (Lu et al. 1998; Lu
et al. 2002). The TATCCAOSAMY motif (TATCCA) is
part of TATCCAYMOTIFOSRAMY3D and is a binding
site of OsMYBS2 and OsMYBS3, which function in sugar-
and hormone-mediated regulation of alpha-amylase gene
expression (Lu et al. 1998; Lu et al. 2002). The alpha-
amylase in the aleurone layer plays an important role in
hydrolyzing the endosperm starch into sugars that can be
metabolized during seed germination, thereby providing
energy for shoot growth (Murai et al. 1985; Mitsui et al.
1985). Whereas ABREDISTBBNNAPA is required for
seed-specific expression and ABA-responsiveness (Ezcurra
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et al. 2000; Busk and Pages 1997, 1998), the other ABA-
responsive CREs — ABREAZMRAB28 (GCCACGTGGG)
and ABREBZMRAB28 (TCCACGTCTC) — are ABA-
responsive element A (ABRE A) and ABA-responsive
element B (ABRE B), which occur in the promoter of
Rab28 from Zea mays (maize) (Busk and Pages 1997,

1998). In addition, Rab28 is highly expressed during the
late stage of embryo development and is stimulated in
response to ABA (Niogret et al. 1996; Busk et al. 1999). A
role for ABRE A in the endosperm of developing or
germinating seeds is easily estimated because ABA-
mediating drought response is closely associated with seed
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ripening process. These ABA-responsive CREs might be
involved in reducing the water content during the process
of seed maturation.

Within the OsI-CysPrxB group, we identified 50 CREs
common to their promoters (Fig. 4; Additional files 3 and
7: Tables S1, S4). Among these, 10, including PBOX1
(TGRAAG), GAREAT (TAACAAR), GARE1OSREP1
(TAACAGA), OSEIROOTNODULE (AAAGAT), LEA
FYATAG (CCAATGT), and WUSATAg (TTAATGG)
were unique to that group and did not occur in the OsI-
CysPrxA group (Additional files 8 and 9: Tables S5, S6).
GAREAT and GARE1OSREP1 are involved in gibberellin
(GA)-responsiveness, suggesting that they help regulate
the GA signaling pathway in rice embryos (Sutoh and
Yamauchi 2003; Ogawa et al. 2003). Furthermore, OSE1R
OOTNODULE (AAAGAT) is an organ-specific element
(OSE) for the regulation of an arbuscular mycorrhizal and
nodule-inducing leghaemoglobin gene in root nodules
(Stougaard et al. 1990; Vieweg et al. 2004; Fehlberg et al.
2005); and LEAFYATAG and WUSATAg are present in
the promoter of a rice WUSCHEL-type homeobox gene
that is expressed in the central cells of quiescent centers
in the root apical meristem (Kamiya et al. 2003). Both
GAREAT and GARE1OSREP1 might be expressed prefer-
entially in the embryo while LEAFYATAG, WUSATAg,
and OSEIROOTNODULE show root-preferential expres-
sion as members of the OsI-CysPrxB group. The other
CREs not mentioned here might have novel roles in driv-
ing root/embryo- or endosperm-preferential expression.
Future experiments will be necessary to confirm our pre-
dictions (Additional files 5 and 8: Tables S2, S5).

Two PRXs showing leaf- or shoot-preferential expression
patterns are involved in the DXR-mediated light-response
pathway to remove ROS during photosynthesis

Analysis with various tissues/organs revealed three PRXs
that are most highly expressed in the leaf and shoot. Re-
cently, we used a T-DNA insertion to identify a rice 1-
deoxy-D-xylulose 5-phosphate reductoisomerase (dxr)
mutant with an albino phenotype. That finding indicated
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that the defective gene is involved in the light-response
pathway (Jung et al. 2008). The DXR enzyme is active in
the second step of the MEP pathway for isoprenoid bio-
synthesis, which interconverts 1-deoxy-D-xylulose 5-
phosphate and MEP. Of the three rice PRXs (OsPrxIIE2,
Os2-CysPrxA, and OsPrxQ) that show leaf/shoot-prefer-
ential expression, both OsPrx[IE2 and OsPrxQ were sig-
nificantly down-regulated in the dxr mutant when
compared with the wild type (WT). This was demon-
strated in our previous analyses via quantitative RT-PCR
and microarray data (Chandran et al. 2016c¢), and it fur-
ther supports our conclusion that these rice PRX genes
are involved in the DXR-mediated light-response path-
way (Fig. 5, Additional file 10: Figure S4).

Regulatory network mediated by rice PRX genes
As part of our exploration of the regulatory mechanism
mediated by rice PRX genes, we recently performed a
protein—protein interaction network analysis in the Rice
Interaction Viewer (RIV; http://bar.utoronto.ca/interac-
tions/cgi-bin/rice_interactions_viewer.cgi) (Chandran et al.
2016a). Among the 10 rice PRXs, four (Osl-CysPrxA,
Os2-CysPrxA, OsPrxQ, and OsPrxIIC) encode 82 pre-
dicted interacting proteins (Fig. 6): Os2-CysPrxA has 60;
OsPrxIIC, 16; Os1-CysPrx A, 3; and OsPrxQ, 3 (Fig. 6).
To develop a more detailed protein—protein inter-
action network, we incorporated the MapMan classifica-
tion data (indicated by node color) in Additional file 11:
Table S7. This regulatory network provides insight into
the molecular functions of the rice PRXs (Fig. 6). We
also integrated PCC values based on meta-expression
data for various tissues/organs in the network. In all, 12
genes had PCC values >0.5 for Os2-CysPrxA, the PRX
gene most highly expressed in leaves and shoots; three
genes had PCC values >05 for the ubiquitously
expressed OsPrxIIC; and two genes had PCC values >0.5
for OsPrxQ, with a leaf-preferential expression pattern.
We did not identify co-expressed genes for OslI-
CysPrxA, which had a seed-preferential expression pat-
tern (Fig. 6).
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Fig. 5 RT-PCR analysis of OsPrxQ/LOC_0s06g09610 and OsPrxllE2/LOC_0Os02g09940 in dxr mutant. Expression level relative to OsUbi5 was compared
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Functions were characterized for three genes in this
network: LOC_0Os07g28280, encoding a rice ubiquitin-
related modifier 1 (RURM1) involved in mobilizing
Active MITE mPing (Tsukiyama et al. 2013);
LOC_0Os03¢g13970/RPN10, encoding the 26S prote-
asome non-ATPase regulatory subunit 4, involved in
canavanine resistance (Takase et al. 2004); and
LOC_0Os06g04280, encoding 5-enolpyruvoylshikimate-
3-phosphate synthase (EPSPS), which is involved in the
production of tillers, panicles, and seeds (Wang et al.
2014). These known genes linked to PRXs can now pro-
vide valuable clues about the functions of the unknown
PRXs. Elements with multiple interactions in the net-
work will also enable greater refinement of predicted
protein—protein interaction networks when compared
with other interactors. In fact, we identified four such
elements in our network: LOC_0Os08¢39140, encoding
heat shock protein 90 (HSP90) that interacts with
OsPrxIIC and Os1-CysPrxA; LOC_0s07g44710, encod-
ing a calcium-mediating protein kinase (CAMK); and
LOC_0s07g08840 and LOC_0s03g58630, which encode
thioredoxins that interact with Os1-CysPrxA and Os2-
CysPrxA. Among these interacting proteins in the
primary network, we considered those showing co-
expression or multiple interactions with PRX proteins
to be more reliable candidates for constructing a
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regulatory network associated with PRXs in rice. Such a
refined and integrated network will be a useful molecu-
lar frame for designing further studies.

Discussion

What is the functional similarity or diversity between rice
and Arabidopsis PRXs?

Peroxiredoxins are universal among bacteria, fungi,
animals, cyanobacteria, and plants (Dietz 2003). Among
all of these organisms, PRXs are most abundant in
plants, most likely because they must process large
quantities of ROS that are produced during photosyn-
thesis. We found that OsPrxIIC, a Type-II Prx, clustered
with AtPrxIIA, AtPrxIIB, AtPrxIIC, and AtPrxIID, while
OsPrxIIE1, OsPrxIIE2, and OsPrxIIE3 clustered with
AtPrxII E (Fig. 1). Therefore, those three members of
the Type-II subgroup mean that further expansion was
initiated from AtPrxIID in Arabidopsis and OsPrxIIE3 in
rice. Because those subgroup members show a ubiqui-
tous expression pattern, we might infer that these genes
primarily have housekeeping roles. For the newly ex-
panded members, their tissue-preferred roles are to be
expected. For example, AtPrxIIC in Arabidopsis might
function in the processing of ROS produced from roots
and pollen, while OsPrxIIE2 in rice might be active in
processing ROS produced from leaves and shoots. Genes

....
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in the 1-Cys Prx subgroup in those two species were
preferentially expressed in endosperm, based on their
meta-expression patterns. However, the rice members of
that subgroup might have unique roles, based on our
finding that, unlike its fellow members, OsI-CysPrxB
was preferentially expressed in the root and embryo. Al-
though AtPrxQ and OsPrxQ have similar patterns, being
highly expressed in leaves and shoots, the former
showed greater expression in flowers and seeds than did
the latter. All genes in the 2-CysPrx subgroup, except
for Os2-CysPrxB, which had very low expression in most
tested tissues/organs, were commonly expressed at high
levels in leaves and shoots. However, expression in the
flowers and seeds was higher for Arabidopsis members
than for rice members in that subgroup. Rice genes in
the 2-CysPrx and PrxQ subgroups were more likely to
function in leaves and shoots when compared with the
Arabidopsis members, indicating that rice requires them
for survival when growing under higher light intensities
than are associated with Arabidopsis. All of these results
suggest that functional diversity of some PRXs has de-
veloped evolutionarily between the two species.

A hypothetical model for the rice PRX-mediated pathway
for ROS processing

Our predicted protein—protein interaction network ana-
lysis presented 82 interactors associated with four rice
PRXs that showed ubiquitous or leaf/shoot-preferential
expression patterns. Two of them already have known
functions, including Os2-CysPrxA, which interacts with
h-type thioredoxin 1 (OsTRXh1) and is involved in ABA
sensitivity during seed germination and the early seed-
ling stage (Zhang et al. 2011). This PRX also interacts
with EPSPS, which participates in tolerance to drought
and salinity (Tuteja et al. 2013); RPN10, which is related
to canavanine resistance as a subunit of 26S proteasome
(Takase et al. 2004), and the ubiquitin specific protease 6
(OsUBP6), which is related to growth rates during the
seedling stage as well as the transport of iron into the
mitochondria (Moon et al. 2009). These linkages suggest
potential roles for Os2-CysPrxA in regulating ABA
sensitivity, abiotic stress tolerance, normal plant devel-
opment, and ubiquitin-dependent proteolysis at the cel-
lular and molecular levels. Its higher expression in leaves
than in other tissues suggests that its primary role is in
leaf development, as mediated by the cellular and mo-
lecular functions mentioned above.

The second PRX with a known function is OsPrxIIC,
which interacts with glutathione peroxidase 3 (OsGPX3)
for hydrogen peroxide homeostasis; RURMI, involved in
the mobilization of Active MITE mPing as a ubiquitin-
related protein; and the previously discussed OsTRXhI.
Based on its pattern of ubiquitous expression, OsPrxIIC
may have a housekeeping function through its
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association with ROS-processing enzymes (including
glutathione peroxidase and thioredoxin) or else in
ubiquitin-related processes.

The signaling cascades of PRXs that occur in response
to stresses have been analyzed for 1-CysPrx and 2-CysPrx
in Arabidopsis (Dietz 2016). A redox-dependent retro-
grade signaling pathway from the chloroplast to the
nucleus has been reported for 2-CysPrx (Baier and Dietz
2005). Because of its leaf/shoot-preferential expression
pattern, Os2-CysPrxA might be a functional ortholog of
Arabidopsis 2-CysPrx, thereby suggesting that rice has a
potential ortholog for its redox-dependent retrograde
signaling pathway. Here, we identified two candidate PRXs
for the light-dependent signaling pathway to process ROS.
Both OsPrxIIE2 and OsPrxQ were down-regulated in the
dxr mutant, which is defective in the light response. These
PRXs might have separate roles in different retrograde
signaling pathways or might combine with the signaling
pathway of Os2-CysPrxA. This possibility remains to be
elucidated through further studies.

Tandemly duplicated PRXs with differential expression
patterns increase functional diversity in rice

In Arabidopsis, AtPrxIIC, AtPrxIIB, and AtPrxIIA are
tandem duplicates that show different expression pat-
terns. In particular, AtPrxIIC is expressed at a high level
in pollen but at lower levels in flowers and seed, while
the opposite is true for AtPrxIIB. This suggests mutually
antagonistic regulation. In addition, expression of AtPr-
xIIA is very low overall, possibly because of suppression
via epigenetic regulation. The tandemly duplicated PRX
genes in rice, OsI-CysPrxA and OsI-CysPrxB, also have
dissimilar expression patterns. A Blast2 alignment of
these PRXs indicated 89% amino acid sequence similar-
ity (Additional file 12: Figure S5), which might mean
that they are functionally redundant. However, their
meta-expression patterns differed among tissues/organs.
Whereas OsI-CysPrxB showed a root/embryo-preferen-
tial expression pattern, OsI-CysPrxA was preferentially
expressed in the endosperm. This indicated that their
promoters contain unique cis-acting elements. In our
study, we focused on six CREs unique to the promoters
of genes present in the OsI-CysPrxB subgroup but not
in the OsI-CysPrxA subgroup. Three of the six — LEA-
FYATAG, WUSATAg, and OSEIROOTNODULE -ap-
pear necessary for root-preferential expression while two
others — GAREAT and GAREIOSREP1 — are related to
embryo-preferential expression. For those expressed
preferentially in the endosperm and belonging to the OsI-
CysPrxA subgroup, we focused on seven CREs. Of them,
ABREDISTBBNNAPA, ABREAZMRAB28, ABREBZM
RAB28, and ABREOSRAB21 might be required for the
ABA response during seed maturation while GADOW
NAT, TATCCAYMOTIFOSRAMY3D, and TATCCAO
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SAMY might be needed for the processing of endosperm
after germination. However, further investigations are
necessary to evaluate the functionality of these unique
CREs suggested here.

Studies of functional genomics that utilize gene-
indexed mutants or genome-editing methods will pro-
vide more insight into the role of these rice PRXs. In
addition, functional classifications retrieved from Map-
Man annotations of the interactors linked with four rice
PRXs might help researchers elucidated the yet-
unknown molecular mechanisms by which PRXs medi-
ate stress responses.

Conclusions

We carried out comparative expression analysis of rice
and Arabidopsis PRX family genes which suggests con-
served or diversified roles between the two species, lead-
ing the identification of tandemly duplicated rice PRX
genes in the 1-CysPrx subgroup, Os1-CysPrxA and Osl-
CysPrxB, differentially expressed in seeds. Os1-CysPrxB
showed embryo- or root-preferential expression, while
Os1-CysPrxA showed endosperm-preferential expres-
sion. Analysis of the cis-acting regulatory elements
(CREs) revealed unique CREs responsible for embryo
and root or endospermpreferential expression. In
addition, the presence of leaf/shoot-preferential PRXs in
rice suggests their evolutional requirement to survive in
the growth environment with a higher light intensity
when compared with that of Arabidopsis. Downregula-
tion of two PRXs in the dxr mutant causing an albino
phenotype implies that those genes have roles in pro-
cessing ROS produced during photosynthesis. Predicted
protein-protein network associated with four PRXs sug-
gests useful regulatory model for further study.

Methods

Multiple sequence alignment and phylogenetic analysis
To perform a phylogenomic analysis of PRXs in rice and
Arabidopsis, we collected 11 family members from the
Rice Genome Annotation Project using locus IDs
(http://rice.plantbiology.msu.edu/), and 10 Arabidopsis
family members previously reported (Umate 2010). Mul-
tiple alignment of amino acid sequences was conducted
with the ClustalX program, version 2.0.11 (Higgins et al.
1996). The phylogenetic analysis included MEGA 5.2
and the following parameters: Neighbor-Joining tree
method, complete deletion, and bootstrap with 500 rep-
licates (Tamura et al. 2011). The resulting phylogenic
tree comprised 11 rice and 10 Arabidopsis PRX proteins
(Umate 2010). Those from rice were classified into four
subgroups based on a comparative analysis between rice
and Arabidopsis (Fig. 1). We also generated a phylogenic
tree for rice PRXs to integrate meta-expression data for
six tissues/organs (Additional file 2: Figure S2).
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Meta-analysis of tissue-specific expression profiles
Integration of spatio-temporal expression profiles into a
phylogenetic context can direct experimental strategies
for further functional analysis (Jung et al. 2010). There-
fore, we used meta-analysis of 17 tissue/organ-type ex-
pression profiles based on data from 983 Affymetrix
arrays downloaded from the NCBI gene expression
omnibus (http://www.ncbi.nlm.nih.gov/geo/) (Cao et al.
2012). We then uploaded the log,-normalized intensity
data in a tab-delimited text format into the Multi Ex-
periment Viewer (http://mev.tm4.org/#/welcome) and il-
lustrated these data using heat maps (Additional file 2:
Figure S2). In addition, we analyzed the meta-expression
patterns of Arabidopsis PRX genes in six tissues/organs
using the Arabidopsis Affymetrix microarray data series
GSE5630, GSE5633, GSE5631, GSE5632, GSE5634,
GSM943445, and GSM943446. Similar to the rice data
analysis, we generated meta-expression data. To com-
pare gene expression, we examined the data from six tis-
sue/organ types from both rice and Arabidopsis (Fig. 1).
This resulted in meta-expression data for all PRX genes,
except for AtPrxIID, which is not present in the Arabi-
dopsis Affymetrix array platform (GPL2025). The log,
intensities of microarray data differed between species,
with the rice heat map ranging from 5 to 15 while the
Arabidopsis heat map had a range from 5 to 13. Inte-
grated meta-expression data were used to determine
functional conservancy in terms of anatomy between
rice and Arabidopsis PRX ortholog pairs.

Predicted protein-protein interactions and PCC analysis

To infer the regulatory network of PRXs in rice, we con-
ducted a predicted protein—protein interaction analysis
in the RIV (Chandran and Jung 2014). After copying and
pasting the locus IDs of the 10 PRX rice proteins into
the RIV query box, we were able to identify interactions
with 161 proteins that were mediated by four of those
PRX proteins (Fig. 6). The interaction information pre-
sented in Additional file 11: Table S7 was then uploaded
to Cytoscape (Shannon et al. 2003). The large circles
(nodes) indicated PRXs and elements with known func-
tions acquired from the Overview of Functionally Char-
acterized Genes in Rice Online database (OGRO)
database (Yamamoto et al. 2012), while the small circles
indicated proteins predicted to interact with PRXs in
rice. We then performed a PCC analysis between targets
and interactors in RIV, using affymetrix expression data
(Cao et al. 2012). This enabled us to identify elements
with PCC values >0.5. In addition, three interaction pro-
teins with known functions from the OGRO database
were identified. The MapMan annotation indicated redox
class proteins (including peroxiredoxins and thioredoxins),
as well as proteins involved in amino acid metabolism, the
cell cycle, lipid metabolism, photosynthesis, normal plant
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development, DNA synthesis and repair, protein degrad-
ation and post-translational modification, RNA (mostly
transcriptional regulators), signaling proteins, abiotic
stress proteins, and transporter class proteins. The anno-
tations also indicated proteins with yet-unknown func-
tions (Additional file 13: Table S8). The refined network
with integrating omics data was utilized to infer regulatory
pathways (Fig. 6).

Plant materials

After sterilization with 50% (w/v) commercial bleach for
30 min with gentle shaking, rice seeds were germinated
on a Murashige Skoog medium under controlled condi-
tions (28 °C/25 °C day/night, 8-h photoperiod, and 78%
relative humidity). In addition, we harvested flowers and
pollen at the heading stage, and collected seeds at 10
and 15 DAP in greenhouse condition to extract total
RNAs. All samples were directly frozen in liquid nitro-
gen and stored at —70 °C. For analyzing differential ex-
pression between the dxr mutant and the WT, we
extracted total RNA from 7-day-old seedlings of both
genotypes grown under greenhouse conditions.

Promoter analysis using the GUS reporter gene

The OsI-CysPrxA promoter region (-1 to -2076 bp
from the initiation ATG codon) and the OsI-CysPrxB
promoter region (-1 to —1758 bp) were amplified with
the 5-GTACCAGTTCGCCTCTAGAATTGAG-3 (Xba I) /
5-TCTCGAGGCGACGAACGACTGTGCTGC-3 (Xho I)
primer set and the 5-ATCTAGAGTGGGTGTITGTGG
TTGG-3 (Xba I) / 5- ACTCGAGATGAGGAATCGAGG
ATTAACC-3 (Xho I) primer set, respectively. The pro-
moter DNA fragment was placed upstream of the beta-glu-
curonidase (GUS) reporter gene located in binary vector
pGA3383 (Kim et al. 2009). Transgenic plants harboring
the above construct were obtained in the japonica cultivar
‘Dongjin’ background through the Agrobacterium tumefa-
ciens method of transformation (Lee et al. 1999).

To monitor GUS expression, we used 7-day-old whole
seedlings, plus mature leaves, roots, flowers, developing
seeds, and germinating seeds for two transgenic lines
and performed GUS staining as described by Jefferson
et al. (1987). As we have recently described (Hong et al.,
2017) photographs of the GUS-assayed seedlings, mature
leaves, flowers, developing seeds, and germinating seeds
were produced using an EOS 560 digital camera (Canon,
Tokyo, Japan) while those of hand-sectioned roots and
germinating seeds were obtained using a BX61 micro-
scope (Olympus, Tokyo, Japan).

Analysis of cis-regulatory elements

To compare the CREs responsible for differences in
promoter-mediated spatial expression between OsICysPrxA
and OsI-CysPrxB, we first used the co-expression tool in
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GENEVESTIGATOR (Zimmermann et al. 2004) to identify
four more genes showing similar expression patterns
with OsI-CysPrxA and five for OsI-CysPrxB. We then
extracted 2-kb sequences upstream of ATG for these
11 genes from PLANTPAN (http://plantpan2.itps.nck-
u.edu.tw) (Chow et al. 2016), and analyzed the CREs in
promoters using PLACE (Higo et al. 1998). Those
CREs were aligned with the Motif Alignment and
Search Tool (Bailey et al. 2009; Fig. 4 and Additional
file 3: Table S1). Known target motifs were selected
based on P-values <0.05.

RNA extraction, semi-quantitative RT-PCR, and real-time
PCR

Roots and shoots from rice seedlings were frozen in li-
quid nitrogen and ground with a Tissue Lyser II (Qiagen,
Hilden, Germany). Their RNAs were extracted with the
RNAiso Plus Kit according to the manufacturer’s proto-
col (Takara Bio, Kyoto, Japan). To determine tissue-
specific expression patterns by RT-PCR, we used a pri-
mer set for rice ubiquitin 5 (OsUbi5, LOC_0Os01g22490)
(Jain et al. 2006). The PCR conditions included 22 to
38 cycles of 95 °C for 30 s, 57 °C for 30 s, and 72 °C for
1 min 30 s. For real-time PCR, the cycling conditions were
95 °C for 15 s, 57 °C for 30 s, and 72 °C for 60 s. This
experiment was repeated three times using the same con-
trol primer sets. Relative transcript levels and fold-
changes were calculated by the 22" and 224" methods
(Schmittgen and Livak 2008), respectively.

To compare the expression of PRX genes between the
dxr mutant and WT plants, we first balanced the tran-
scripts between their leaves using OsUbi5 as we have
previously described (Chandran et al. 2016b). We then
conducted an RT-PCR analysis with leaf samples to
compare band intensities between the two genotypes.
All primers used for RT-PCR analysis and vector con-
struction are described in Additional file 14: Table S9.
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