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Abstract
Main conclusion  Dysfunctional mutation of OsNDPK4 resulted in severe defects in root development of rice. However, 
the resistance of Osndpk4 against bacterial blight was significantly enhanced.

Abstract  Nucleoside diphosphate kinases (NDPKs) are an evolutionarily conserved family of important enzymes balancing 
the energy currency nucleoside triphosphates by catalyzing the transfer of their phosphate groups. The aim of this study 
was to elucidate the function of OsNDPK4 in rice. A dysfunctional rice mutant was employed to characterize the function 
of OsNDPK4. Its expression and subcellular localization were examined. The transcriptomic change in roots of Osndpk4 
was analyzed by RNA-seq. The rice mutant Osndpk4 showed severe defects in root development from the early seedling 
stage. Further analysis revealed that meristematic activity and cell elongation were significantly inhibited in primary roots of 
Osndpk4, together with reduced accumulation of reactive oxygen species (ROS). Map-based cloning identified that the muta-
tion occurred in the OsNDPK4 gene. OsNDPK4 was found to be expressed in a variety of tissues throughout the plant and 
OsNDPK4 was located in the cytosol. Osndpk4 showed enhanced resistance to the bacterial pathogen Xanthomonas oryzae 
pv. oryzae (Xoo) and up-regulation of pathogenesis-related marker genes. In addition, transcriptomic analysis showed that 
OsNDPK4 was significantly associated with a number of biological processes, including translation, protein modification, 
metabolism, biotic stress response, etc. Detailed analysis revealed that the dysfunction of OsNDPK4 might reorchestrate 
energy homeostasis and hormone metabolism and signalling, resulting in repression of translation, DNA replication and 
cell cycle progression, and priming of biotic stress defense. Our results demonstrate that OsNDPK4 plays important roles 
in energy homeostasis, development process, and defense responses in rice.
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Abbreviations
DEGs	� Differentially expressed genes
GUS	� β-Glucuronidase
KEGG	� Kyoto Encyclopedia of Genes and Genomes
NDPK	� Nucleoside diphosphate kinase
PR	� Pathogenesis related
ROS	� Reactive oxygen species
WT	� Wild type
Xoo	� Xanthomonas oryzae Pv. oryzae

Introduction

Nucleoside diphosphate kinases (NDPKs) are highly con-
served enzymes ubiquitously found in various organisms 
from bacteria to human. They can catalyze the transfer of 
γ-phosphates from ATP to cognate nucleoside diphosphates 
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to sustain the balance between ATP and other nucleoside 
triphosphates (Parks and Aganwal 1973). NDPKs have 
been extensively studied in animal systems because of their 
potential application in the control of dissemination of tumor 
metastases, and they are found to play important roles in the 
regulation of cell proliferation, differentiation, invasion, and 
motility (Mehta and Orchard 2009).

The first plant NDPK was purified from pea seed in 1971 
(Edlund 1971), and the first plant NDPK sequence was pub-
lished 20 years afterwards (Nomura et al. 1992). With the 
help of recent advances in transcriptomic and proteomic 
approaches, it is now established that all plants contain a 
small NDPK gene family. Plant NDPKs have been less stud-
ied as compared with their animal counterparts. Neverthe-
less, they display a similar functional versatility in regula-
tion of growth, development, and cellular metabolism. The 
Arabidopsis ndpk2 mutant seedlings show poor germination, 
slow growth, and defects in cotyledon development (Choi 
et al. 2005; Verslues et al. 2007). Overexpression of the 
PtNDPK2 gene in poplar resulted in significantly increased 
shoot heights, stem diameters, leaf number, and area com-
pared with WT plants (Zhang et al. 2017). OsNDPK2 plays 
an important role in chlorophyll biosynthesis and chloroplast 
development, whose mutation results in significant change 
in major agronomic traits including plant height, seed-set-
ting rate, flowering time, and tiller number (Ye et al. 2016). 
In Solanum tuberosum, NDPK1 is shown to regulate root 
growth, respiration, and carbon metabolism (Dorion et al. 
2017). Furthermore, NDPK3a is involved in sugar metabo-
lism in Arabidopsis (Hammargren et al. 2008).

Plant NDPKs also play important roles in tolerance to 
various abiotic stresses. AtNDPK1 was found to be involved 
in oxidative stress and interact with AtCAT1, 2, and 3 (Fuka-
matsu et al. 2003). Interaction between NDPK2 and cata-
lase 1 (CAT1) was also reported in pea plants (Haque et al. 
2010). Transgenic plants overexpressing NDPK2 of Arabi-
dopsis, poplar, and rice show enhanced multiple stress toler-
ance (Moon et al. 2003; Ye et al. 2016; Zhang et al. 2017). 
AtNDPK2 interacts with two mitogen-activated protein 
kinases, AtMPK3 and AtMPK6, to control cellular redox 
state (Moon et al. 2003). In addition, enhanced expression of 
NDPKs is found in response to wounding in tomato (Harris 
et al. 1994), salt treatment in rice and barley (Kawasaki et al. 
2001; Fatehi et al. 2013), and glyphosate treatment in rice 
(Ahsan et al. 2008), suggesting a stress response mechanism 
linked to the expression of NDPK genes.

Plant NDPK isoforms were classified into four types 
(types I–IV) based on amino acid sequences (Dorion and 
Rivoal 2015). The rice genome contains five NDPKs, 
OsNDPK1–OsNDPK5. OsNDPK1 and OsNDPK4 are type 
I NDPKs, while OsNDPK2, OsNDPK3, and OsNDPK5 
belong to type II, type III and type IV, respectively. Type 
I NDPKs have been reported to be the major (Cho et al. 

2004) and the most active (Hetmann and Kowalczyk 2009). 
OsNDPK1 is the first studied NDPK in rice (Yano et al. 
1993). The elongation of coleoptile cells was inhibited in 
OsNDPK1 antisense transgenic plants (Pan et al. 2000). 
OsNDPK1 was strongly induced by bacterial infection 
(Cho et al. 2004), drought stress (Salekdeh et al. 2002), salt 
stress (Kawasaki et al. 2001), and temperature stress (Lin 
et al. 2005; Lee et al. 2007; Chen et al. 2012). Moreover, 
the expression of OsNDPK1 was highly induced after sali-
cylic acid (SA), jasmonic acid, abscisic acid, and glypho-
sate treatment (Cho et al. 2004; Ahsan et al. 2008). A pre-
vious study showed that OsNDPK4 was also induced by 
jasmonic acid (Cho et al. 2004). However, the function of 
OsNDPK4 during plant growth and development has not 
been characterized.

In this study, we isolate and characterize a new rice short 
root mutant Osndpk4. This mutant exhibits retarded root 
growth and defects in major agronomic traits. OsNDPK4 
is constitutively expressed in various tissues and develop-
mental stages, and the protein is localized in the cytosol. 
OsNDPK4 also plays a role in disease resistance.

Materials and methods

Plant materials and growth conditions

The rice mutant Osndpk4 was isolated from an ethylmeth-
ane sulfonate-mutagenized rice (Oryza sativa L. ssp.indica, 
cv Kasalath) mutant library (kindly provided by Prof. Ping 
Wu from Zhejiang University, China). Hydroponic experi-
ments were conducted in rice culture solution with the pH 
adjusted to 5.5 (Zhu et al. 2012). After germination in water 
for 2 days in the dark, phenotypic characterization of the 
wild type (WT) and mutant was performed in a growth 
chamber at 30/22 ℃ (day/night) and 60–70% humidity with 
a photoperiod of 12 h. The WT and the mutant were grown 
in the paddy field under natural growing conditions for the 
evaluation of agronomic traits.

Histological observation

Histological sectioning examination was conducted as 
previously described (Ding et al. 2018). Briefly, root tips 
from 4-day-old plants were fixed overnight at 4 °C in 0.1 M 
sodium phosphate buffer (pH 7.2) with 2.5% glutaraldehyde, 
and washed three times for 30 min in the same buffer. Sam-
ples were then refixed in OsO4 for 4 h at room temperature 
and washed for 30 min in the same buffer. Afterwards, sam-
ples were dehydrated in a gradient ethanol and embedded 
in pure Spurr resin and polymerized overnight at 70 °C. 
Semithin sections (2 μm thick) were made using diamond 
knives on a power Tome XL microtome (RMC-Boeckeler 
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Instruments, Tucson, AZ, USA) and stained with 0.1% meth-
ylene blue for 3–5 min at 70 °C. After rinsed with distilled 
water, images were taken with a microscope (Nikon 90i, 
Japan).

EdU staining

Primary root tips of 4-day-old WT and Osndpk4 were 
stained with EdU using an EdU kit (C10350, Click-iT EdU 
Alexa Fluor 488 HCS assay; Invitrogen) according to the 
manufacturer’s instruction. Roots were immersed in 20 mM 
EdU solution for 2 h before fixed for 30 min in 3.7% for-
maldehyde solution in phosphate buffer (pH 7.2) contain-
ing 0.1% Tritonx-100. Afterwards, they were incubated 
with EdU detection cocktail for 30 min and examined with 
a confocal laser-scanning microscope (Zeiss LSM 510, Jena, 
Germany). More than ten root samples of each genotype 
were examined.

Reactive oxygen species (ROS) and cell death 
detection

In situ H2O2 production was detected using an endogenous 
peroxidase-dependent staining procedure with 3,3-diam-
inobenzidine (DAB). Rice tissues were stained for 10 min 
in a solution of 1 mg/mL DAB in double-distilled water. 
Nitroblue tetrazolium chloride (NBT) staining was used for 
the detection of superoxide production (Carol et al. 2005). 
Rice tissues were stained for 10 min in a solution of 2 mM 
NBT in 20 mM phosphate buffer (pH 6.1). Cell death was 
examined using Evans Blue, a compound that selectively 
enters the dead cells (Gaff and Okong’O-Ogola 1971). Rice 
tissues were stained for 10 min in a solution of 1 mg/mL 
Evans Blue in double-distilled water before transferred to 
distilled water. Stained tissues were imaged using a micro-
scope Nikon 90i. More than ten tissue samples were exam-
ined for each genotype, and the experiment was repeated 
twice.

Mapping and cloning of OsNDPK4

A mapping population was generated from crosses between 
the homozygous Osndpk4 mutant and japonica variety Nip-
ponbare. 30 and 1503 short root plants from the F2 popula-
tion were used for primary and fine mapping of OsNDPK4, 
respectively. The OsNDPK4 gene was localized to a region 
of 114.7  kb between the sequence-tagged site markers 
In1 and In2 on chromosome 10. The OsNDPK4 gene was 
selected out of 20 candidate protein-coding genes. Genomic 
DNA and mRNA regions of the OsNDPK4 gene were ampli-
fied by PCR from both the WT and Osndpk4 plants and 
analyzed by Sanger sequencing. Primers used were listed in 
Supplementary Table S1.

Construction of vectors and plant transformation

The coding region of OsNDPK4 was PCR amplified and 
inserted into the pUCM-T vector (Takara). After confirma-
tion by sequencing, the fragment was recovered from the 
pUCM-T vector by XbaI and KpnI digestion and ligated 
into the corresponding site of pCAMBIA1300. A 2627 bp 
promoter of OsNDPK4 was obtained by PCR and inserted 
into the HindIII/XbaI site in front of the OsNDPK4 coding 
region to drive its expression. The promoter was also put 
into the HindIII/XbaI site of vector pCAMBIA1300NH-
GUS to create a transcriptional fusion of the OsNDPK4 
promoter and the β-glucuronidase (GUS) coding sequence, 
OsNDPK4p::GUS. Above constructs were used for Agrobac-
terium tumefaciens-mediated rice transformation of WT or 
Osndpk4 as described (Chen et al. 2003). Primers used are 
listed in Supplemental Table S1.

Histochemical analysis and GUS assay

Histochemical GUS staining was conducted as previously 
described (Ding et al. 2015). Plant samples and freehand 
cross-section samples were incubated with GUS staining 
solution (100 mmol/L NaH2PO4 buffer pH 7.0, 0.5% Triton 
X-100, 0.5 mg/mL X-Gluc and 20% methanol) overnight 
at 37 °C. Afterwards, tissues were rinsed and mounted on 
slides and photographed using a stereo microscope (Leica 
MZ95, Nussloch, Germany). More than five tissue samples 
were examined for each genotype or tissue type, and the 
experiment was repeated twice.

Subcellular localization of OsNDPK4

The full-length coding sequence of OsNDPK4 without the 
stop codon was cloned and inserted in front of the coding 
sequence of a soluble modified green fluorescent protein 
(smGFP) in the modified pCAMBIA1300-35S-GFP vec-
tor using KpnI and BamHI. The resulting construct was 
sequenced to verify in-frame fusion and used for transient 
transformation of rice protoplasts (Miao and Jiang 2007). 
The pBWA(V)HS-mKATE empty vector was co-trans-
formed as a cytosolic marker. The GFP and RFP were visu-
alized using a confocal laser-scanning microscope Zeiss 
LSM 510. The experiment was repeated twice. Primers used 
are listed in Supplemental Table S1.

Determination of resistance to bacterial blight 
in Osndpk4

The bacterial blight resistance of Osndpk4 was evaluated 
using three races of Xoo, the Philippines races PXO71, 
PXO99, and PXO145 kindly provided by Dr Jie Zhou of the 
Institute of Virology and Biotechnology, Zhejiang Academy 
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of Agricultural Sciences, China. New fully-expanded leaves 
of ten independent WT and Osndpk4 plants at the maxi-
mum tillering stage were inoculated using the clipping leaf 
method (Kauffman et al. 1973). The lesion length on inocu-
lated plants was measured 3 weeks after inoculation.

Quantitative real‑time PCR analysis

RNA was extracted from leaves of WT and Osndpk4 at the 
tillering stage using RNAiso plus (Takara). Three biological 
replicates of each genotype were collected to compare the 
expression in equivalent tissues in the WT and Osndpk4 with 
the same genetic background. The first-strand cDNA was 
then synthesized using Superscript II (Invitrogen, Carlsbad, 
CA, USA) and used as templates. Real-time PCR analysis 
was conducted using an ABI 7500 System (Applied Bio-
systems Life Technologies) and UltraSYBR mixture with 
ROX (CWBio, Co., Ltd., Beijing, China). Primers used 
were listed in Supplementary Table S1. The Ubiquitin gene 
(LOC_Os03g13170) in rice was used as a reference gene.

Transcriptome sequencing

Total RNA was extracted from roots of 7-day-old WT and 
Osndpk4 under normal condition using the RNeasy Plant 
Mini Kit (Qiagen). For each genotype, three biological rep-
licates were collected to compare the expression in equiva-
lent tissues in the WT and Osndpk4 with the same genetic 
background. RNA samples were examined using the Nan-
odrop 2000 spectrophotometer (Thermo Fisher Scientific) 
and 2100 Bioanalyzer (Agilent Technologies). High-quality 
RNA samples for library construction were selected based 
on 260 nm/280 nm ratio and RNA integrity number above 
2.0 and 7.0, respectively. Sequencing libraries were prepared 
using the TruSeq Stranded mRNA LTSample Prep Kit (Illu-
mina) according to the manufacturer’s instructions. Libraries 
were subjected to 125 cycles of paired-end sequencing with 
the Illumina HiSeq2500 system according to the manufac-
turer’s instructions.

Differentially expressed gene analysis

Raw reads were first processed using NGS QC toolkit 
(v2.3.3). In this step, clean reads were obtained by removing 
reads containing adapter, reads containing ploy-N, and low-
quality reads (the number of bases with quality value ≤ 20 
is more than 35). The retained high-quality reads, i.e. clean 
reads, were then analysed by the TopHat-Cufflinks pipline 
(Trapnell et al. 2012). Briefly, clean reads were mapped 
to the rice genome (MSU version 7, https​://rice.plant​
biolo​gy.msu.edu/) using TopHat. Cufflinks was then used 
for transcriptome assembly and assessment of the FPKM 
value. Counts of mapped reads to genes were obtained with 

HTSeq (https​://www-huber​.embl.de/users​/ander​s/HTSeq​
/doc/overv​iew.html) and differentially expressed genes 
(DEGs) were determined using DESeq (https​://bioco​nduct​
or.org/packa​ges/relea​se/bioc/html/DESeq​2.html) by the 
negative binomial distribution test based on the mapped 
reads of Osndpk4 and WT (Love et al. 2014; Anders et al. 
2015). Genes with an FDR-adjusted P value < 0.05 and fold 
change > 1.5 were assigned as DEGs. Gene ontology (GO) 
annotation was conducted by querying Swiss-prot (https​://
www.unipr​ot.org) with transcripts of DEGs and enrichment 
analysis was performed by the hypergeometric distribution 
test using R with a threshold FDR-adjusted P value < 0.01. 
The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis was conducted by querying 
the KEGG database (www.kegg.jp) with a threshold FDR-
adjusted P value < 0.05. The function categorization of 
DEGs was conducted by MapMan (Thimm et al. 2004). The 
clean reads data have been uploaded to the SRA (Sequence 
Read Archive, www.ncbi.nlm.nih.gov/sra) database (SRA 
accession: PRJNA518165).

Results

Rice Osndpk4 is a mutant with short root and shoot

A short root mutant was isolated from an ethylmethane 
sulfonate-mutagenized rice mutant library (Oryza sativa L. 
indica cv. Kasalath). The mutant was designated Osndpk4 
based on our subsequent characterization of the mutant gene. 
During the early seedling stage, Osndpk4 exhibited retarded 
root and shoot growth. The development of primary roots, 
adventitious roots, lateral roots, and root hairs in Osndpk4 
was significantly compromised compared with WT plants 
(Fig. 1a, b). Osndpk4 also showed a less severe short shoot 
phenotype compared with the WT (Fig. 1a). Time-course 
analysis revealed that the short root and shoot phenotype of 
Osndpk4 tended to become more severe along with growth 
time (Fig. 1c). Further analysis of relative growth rate con-
firmed that the relative growth per week of primary roots, 
adventitious roots, and shoots in Osndpk4 was all lower 
than of WT during the first 5 weeks except the growth of 
shoots in the second week (Fig. 1d). To determine whether 
the short root phenotype of Osndpk4 was due to defects in 
root cell elongation or division, root longitudinal section 
analysis for the WT and Osndpk4 was first conducted. It 
revealed that cell length in elongation and maturation zones 
of the Osndpk4 primary root was drastically reduced com-
pared with the WT (Fig. 2a, b), suggesting inhibited cell 
elongation in root tips of Osndpk4. However, the root radi-
cal pattern organization and meristem of the mutant was 
not obviously different compared to the WT (Fig. 1d). Then 
a mitotic activity reporter, the OsCYCB1,1:GUS, was used 

https://rice.plantbiology.msu.edu/
https://rice.plantbiology.msu.edu/
https://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
https://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.uniprot.org
https://www.uniprot.org
http://www.kegg.jp
http://www.ncbi.nlm.nih.gov/sra
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to examine whether the root mitotic activity in Osndpk4 
was affected. It was found that the expressing region of 
OsCYCB1,1:GUS in the primary root tip of Osndpk4 was 
significantly shorter than that of the WT (Fig. 2c, d), indi-
cating reduced cell division activity in root meristems of 
Osndpk4. To further determine the root meristem activity 
of Osndpk4, in situ incorporation of EdU, the thymidine 
analogue, into DNA during active DNA synthesis was visu-
alized in the root tips of 4-day-old WT and Osndpk4 seed-
lings (Ding et al. 2018). Consistent with the GUS staining, 
Osndpk4 had significantly reduced levels of EdU labelling 

in the root meristem compared to the WT (Fig. 2e, f). Taken 
together, these results suggested that the shorter phenotype 
of the Osndpk4 mutant was due to reduced cell elongation 
and division. 

The mature-stage development of Osndpk4 was also 
severely impaired (Fig. 3a–c). The plant height, panicle 
number, filled grain number per panicle, and root length 
of Osndpk4 all significantly decreased compared with WT 
(Fig. 3d). However, there was no significant difference in 
the seed-setting rate between Osndpk4 and WT (data not 
shown).

Fig. 1   Phenotypic characterization of Osndpk4. a Growth pheno-
type of 7-day-old WT and Osndpk4. Bar = 2 cm. b Stereomicroscope 
images of roots of the WT and Osndpk4. Bars = 500  μm. c Time 
course of the length of the primary root, adventitious root and shoot 
within the WT, and Osndpk4 seedlings after germination. Error bars 

represent SD (n = 10). The asterisks in c indicate significant differ-
ence between WT and Osndpk4 (**P < 0.01, by Student’s t test). d 
Relative growth per week of primary roots, adventitious roots and 
shoots within WT, and Osndpk4 seedlings after germination

Fig. 2   Cell elongation and division activity in root tips of Osndpk4. a 
Longitudinal sections of the maturation zone (top) and root tip (bot-
tom) of 3-day-old WT and Osndpk4. Bars = 50  μm. b Cell length 
in roots of 3-day-old WT and Osndpk4. Error bars represent SD 
(n = 10). c OsCYCB1,1 promoter-GUS activity in primary root tips of 
3-day-old WT and Osndpk4. Bars = 250 μm. d The length of stained 
regions in primary root tips of 3-day-old WT and Osndpk4 in c. Error 

bars represent SD (n = 10). e S-phase entry of 4-day-old WT and 
Osndpk4 root tips visualized by EdU staining. Bar = 100 μm. f Size of 
EdU-labelled root apical meristems of 4-day-old WT and Osndpk4 in 
e. Error bars represent SD (n = 10). The asterisks in b, d, and e indi-
cate significant difference between WT and Osndpk4 (**P < 0.01, by 
Student’s t test)
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Enhanced cell death and reduction in ROS 
accumulation were observed in the root of Osndpk4

It was observed that roots of Osndpk4 were more frag-
ile than those of the WT. Staining of 7-day-old seedling 
roots with Evans blue (Gaff and Okong’O-Ogola 1971) 
demonstrated large stained patches near the root tips of 
Osndpk4 mutant plants (Fig.  4a), indicating that cell 
death had occurred.

To investigate whether ROS levels were also altered 
in Osndpk4, we examined ROS levels in root tips of 
7-day-old seedlings. In situ detection of O2

− was per-
formed using nitroblue tetrazolium chloride (NBT) 
staining (Carol et  al. 2005), and H2O2 was analyzed 
using 3,3-diaminobenzidine (DAB) staining (Veljovic-
Jovanovic et al. 2002). The results showed that Osndpk4 
accumulated significantly less O2

− and H2O2 in the root 
tip compared to the WT (Fig.  4b, c), indicating that 
OsNDPK4 was critical for maintaining ROS levels in the 
root tip. However, no ROS accumulation was found in 
leaves of 7-day-old WT and Osndpk4 (Supplementary 
Fig. S1).

Cloning of the OsNDPK4 gene

To map the mutation in Osndpk4, a F2 population was gener-
ated from a cross between Osndpk4 and Nipponbare (japon-
ica). The segregation of short root phenotype in the popula-
tion showed a ratio of 3:1, with 168 plants of WT phenotype 
and 60 plants of Osndpk4 phenotype (χ2 = 0.21, P < 0.05), 
suggesting that a single recessive gene was responsible for 
the mutant phenotype. Using 1503 mutant seedlings from the 
F2 population, the mutation was mapped to a 114.7 kb region 
between InDel markers In1 and In2 on chromosome 10. This 
region contains 20 putative open reading frames (https​://
rice.plant​biolo​gy.msu.edu/), including a nucleoside diphos-
phate kinase 4 (OsNDPK4, LOC_Os10g41410) (Fig. 5a). 
Nucleoside diphosphate kinase was previously reported to be 
involved in regulation of cell division and growth in potato 
(Dorion et al. 2006), suggesting that OsNDPK4 might be 
the possible candidate of the mutated gene. Therefore, the 
coding region of OsNDPK4 in both the WT and Osndpk4 
was examined by Sanger sequencing. A point mutation 
(from C to T) was found in Osndpk4 at the nucleotide posi-
tion 706 bp of the gene region (from the initiation codon 
ATG) within the third exon of OsNDPK4, resulting in an 

Fig. 3   Comparison of agronomic traits in WT and Osndpk4. a 
Aboveground parts of mature WT (left) and Osndpk4 (right) plants 
from field planting. Bar = 10 cm. b Spikes of WT (left) and Osndpk4 
(right) from field planting. Bar = 10  cm. c Roots of WT (left) and 
Osndpk4 (right) at the maturation stage from hydroponic culture. 

Bar = 4 cm. d Plant height, panicle number, filled grain number per 
panicle and root length of WT and Osndpk4 at the maturation stage. 
Error bars represent SD (n = 20). The asterisks in d indicate signifi-
cant difference between WT and Osndpk4 (**P < 0.01, by Student’s 
t test)

Fig. 4   ROS accumulation in root tips of WT and Osndpk4. a Evans 
blue staining for root cell death in primary root tips of the WT and 
Osndpk4. b Nitroblue tetrazolium chloride (NBT) staining for super-

oxide in primary root tips of the WT and Osndpk4. c 3,3-Diamin-
obenzidine (DAB) staining for hydrogen peroxide in primary root tips 
of the WT and Osndpk4. Bars = 500 μm

https://rice.plantbiology.msu.edu/
https://rice.plantbiology.msu.edu/
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amino acid change (Ala108 to Val108). The OsNDPK4 gene 
was 2526 bp in length, and contained four exons and three 
introns. The protein-coding region of OsNDPK4 was 456 bp 
and encodes a 151 amino acid protein. The annotation gen-
erated by the SMART database (https​://smart​.embl-heide​
lberg​.de/) showed that it contained a conserved NDP domain 
(Fig. 5b, c). Alignment analysis of NDPK proteins showed 
that the mutated Ala108 residue was highly conserved among 
rice and Arabidopsis (Fig. 5d), which is consistent with the 
severe phenotype of Osndpk4.

Genetic complementation analysis was conducted to con-
firm whether the point mutation in Osndpk4 was responsi-
ble for the mutant phenotype. The protein-coding region of 
OsNDPK4 was cloned into a binary vector pCAMBIA1300 
driven by its 2627 bp native promoter and used for transfor-
mation of Osndpk4. More than ten independent transgenic 
lines were obtained. The short root and shoot phenotype was 
restored in all the positive transformants (Fig. 5e), indicating 
that the mutant phenotype was caused by the point mutation 
in OsNDPK4.

Expression pattern and subcellular localization 
analysis of OsNDPK4

To examine the tissue expression pattern of OsNDPK4, a 
native promoter (2627 bp before the ATG) was fused to the 
GUS reporter gene. This chimeric gene cassette was used 
to transform Kasalath via the Agrobacterium tumefaciens-
mediated transformation method. The GUS protein was 
observed ubiquitously in the rice plants included in root, 
leaf, pistils, stamen, glume, and stem node. Strong expres-
sion was observed in root tips and lateral root tips of primary 
roots and adventitious roots (Fig. 6a–i).

To examine the subcellular localization of OsNDPK4, 
a chimeric fusion gene of coding region of OsNDPK4 and 
GFP under the control of the 35S promoter was constructed 
and transient expressed in rice protoplasts. Confocal micros-
copy revealed that the OsNDPK4-GFP signals co-localized 
with the red fluorescence signal of pBWA(V)HS-mKATE, 
a cytosolic marker, indicating that OsNDPK4 was localized 
in the cytosol (Fig. 6j).

Enhanced disease resistance in Osndpk4

Phylogenetic analysis indicated that there are four types of 
NDPK family genes in rice, and OsNDPK4 and OsNDPK1 
belong to type I (Dorion and Rivoal 2015). OsNDPK1 was 
previously reported to be involved in defense response of 
rice against bacterial infection (Cho et al. 2004). To exam-
ine whether Osndpk4 also gains disease resistance, WT and 
Osndpk4 plants were inoculated with three races of Xoo, 
the causal agent of rice bacterial blight. The Osndpk4 plants 
exhibited significantly enhanced resistance to all tested Xoo 

strains (PXO71, PXO99, and PXO145) compared to WT 
(Fig. 7a, b).

To analyze whether the expression of defense-related 
genes was up-regulated in Osndpk4, we performed qRT-PCR 
using selected defense-related genes. We examined gene 
expression patterns of two representative defense-related 
genes: pathogen-related (PR) protein 1a PR1a (LOC_
Os07g03710) and peroxidase PO-C1 (LOC_Os07g48050), 
which have been reported as up-regulated genes after patho-
gen attack or treatment with a plant-defense activator (Kano 
et al. 2010; Feng et al. 2013). The result showed that the 
tested defense-related genes PR1a and PO-C1 were highly 
up-regulated in Osndpk4 (Fig. 7c).

Whole‑genome expression analysis of Osndpk4

To further gain insight into the in planta function of 
OsNDPK4, transcriptome sequencing analysis of WT and 
Osndpk4 was conducted using RNA-seq. One-week-old 
root samples were selected for the profiling analysis and 
three replicates of each genotype were used. A total of 
10,263 differentially expressed genes (DEGs) were identi-
fied with a cut-off of FDR-adjusted P value < 0.05 and fold 
change > 1.5. Among them, 5303 DEGs showed higher 
expression in Osndpk4 than the WT and were termed as up-
regulated genes, while 4960 DEGs showed lower expression 
in Osndpk4 than the WT and were termed as down-regulated 
genes (Supplementary Table S2).

To analyze the general effect of OsNDPK4 mutation on 
transcriptomes, gene ontology (GO) classification analy-
sis of the up- and down-regulated DEGs was conducted 
(Fig. 8a, b, Supplementary Table S3). Within the category 
of biological process, up-regulated genes were largely asso-
ciated with protein modification process, response to stress, 
metabolic process and cell death, indicating that the meta-
bolic reprogramming and stress response was activated in 
Osndpk4. Genes involved in translation, photosynthesis, 
metabolites and energy, cellular component organization, 
DNA metabolism, and cell cycle were significantly enriched 
among down-regulated genes, indicating the general sup-
pression of cell division and proliferation, which was con-
sistent with the observed severe defects of root development 
in Osndpk4. Among the category of molecular function, 
genes involved in kinase activity and catalytic activity and 
a number of binding activity were the most enriched among 
up-regulated genes, while only genes involved in structural 
molecular activity, molecular function, and RNA binding 
were significantly enriched among down-regulated genes. 
In terms of cellular component, plasma membrane, vacu-
ole, and peroxisome were significantly enriched among 
up-regulated genes, while down-regulated genes showed 
association with ribosome, plastid, membrane, nucleolus, 
mitochondrion, cytosol, and cell wall.

https://smart.embl-heidelberg.de/
https://smart.embl-heidelberg.de/
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To further identify the biological pathways in which 
OsNDPK4 may be involved, enrichment analysis of 
KEGG pathways for the DEGs between Osndpk4 and 
WT was conducted. Thirty-two pathways were sig-
nificantly enriched for up-regulated genes and nine for 

down-regulated ones (Supplementary Table S4). The top 
ten enriched pathways of the up-regulated DEGs were 
mainly related to carbonhydrate metabolism (galactose, 
amino sugar, and nucleotide sugar), lipid metabolism 
(fatty acid degradation, alpha-linolenic acid metabolism, 
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and peroxisome), amino acid metabolism (valine, leu-
cine, and isoleucine degradation), secondary metabolism 
(biosynthesis of phenylpropanoid and diterpenoid), Plant-
pathogen interaction and MAPK signaling pathway–plant, 
which was consistent with the putative role of OsNDPK4 
in regulating energy homeostasis and the enhanced patho-
gen resistance observed in Osndpk4 (Fig. 8c). The alpha-
linolenic acid metabolism pathway is responsible for the 
synthesis of jasmonate, one of the major signaling mol-
ecules involved in plant root meristematic activity, and 
disease resistance (Chen et al. 2011; Nahar et al. 2011; 
Wasternack et al. 2013). The enriched pathways associ-
ated with down-regulated genes were mainly related to 
ribosome and ribosome biogenesis, DNA (purine and 

Fig. 5   OsNDPK4 encodes a NDPK protein in rice. a Map-based 
cloning of OsNDPK4 within a 114.7  kb region on chromosome 10 
between InDel markers In1 and In2. Twenty putative open reading 
frames were located in the 114.7 kb region. b The gene structure of 
OsNDPK4. Black boxes and lines represent exons and introns, respec-
tively. White boxes indicate untranslated regions. The arrowhead 
shows the site of a single-base substitution (C to T) at the nucleotide 
789  bp downstream of ATG. c Predicted domains of OsNDPK4 by 
the SMART database (https​://smart​.embl-heide​lberg​.de/). The arrow-
head indicates the substitution within the NDP domain, which results 
in an amino acid substitution (Ala108 to Val108). d Alignment of pro-
tein sequences of NDPKs from rice and Arabidopsis. The asterisk 
indicates the mutated residue in Osndpk4. e Complementation analy-
sis of Osndpk4. The phenotype of Osndpk4 was successfully recov-
ered by transformation of OsNDPK4 driven by its native promoter. 
Two independent lines of transgenic plants in the Osndpk4 back-
ground were shown. Left, bar = 2 cm; right, bar = 500 μm

◂

Fig. 6   Expression pattern of OsNDPK4 and subcellular localiza-
tion of OsNDPK4. a–i Histochemical staining analysis of expres-
sion of OsNDPK4 promoter-GUS fusion in various tissues. GUS 
signals were detected in the primary root tip (a), adventitious root 

tip (b), tip and base of lateral roots (c), leaf (d), root hair (e), ligule 
(f), stem node (g), glume (h), pistils and stamen (i). Bars = 500 μm. 
j OsNDPK4 targets green fluorescent protein (GFP) to the cytosol in 
transiently transformed rice protoplasts cells. Bar = 10 μm

https://smart.embl-heidelberg.de/
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pyrimidine metabolism and DNA replication), photosyn-
thesis (photosynthesis, antenna proteins, and carbon fixa-
tion), confirming the suppression of biosynthesis activities 
of carbohydrate, protein, and DNA in Osndpk4 (Fig. 8d).

When examining the KEGG pathways in more detail, 
it was found that all steps of the fatty acid degradation 
pathway were highly up-regulated (Fig. 8e). It’s known 
that during the early growth stage after germination, the 
carbohydrate and fatty acid storage in the seeds are sup-
porting the growth of the young rice seedlings. There-
fore, the higher expression of genes associated with fatty 
acid degradation in Osndpk4 might be a result of slower 
consumption of energy storage due to retarded growth. 
Moreover, 230 ribosome proteins were found in DEGs, 
all but one of which was down-regulated (Supplementary 
Table S5). MapMan classification further confirmed that 
small and large subunits of ribosome for translation of 
nuclear genes, mitochondrial genes and chloroplast genes 
were all significantly down-regulated (Fig. 8f). In addi-
tion, 30 DEGs associated with ribosome biogenesis were 
found, among which 28 were also down-regulated (Sup-
plementary Table S5). These results indicated significant 
reduction in protein translation in Osndpk4 compared 
with WT.

Discussion

In the present study, a rice mutant Osndpk4 was identified 
from an ethylmethane sulfonate-mutagenized population 
of rice (indica, Kasalath). The mutation caused loss-of-
function of OsNDPK4, a nucleoside diphosphate kinase. 

The mutant showed severe defects in root system devel-
opment, semi-dwarfness and reduced fertility (Figs. 1, 2, 
3). Functional complementation with OsNDPK4 rescued 
the mutant phenotype in Osndpk4 (Fig. 5). Transcriptome 
analysis of Osndpk4 and WT further revealed that DEGs 
were significantly associated with a number of biological 
processes, including metabolism, translation, biotic stress 
response, etc.

NDPKs belong to the Nme protein family involved in 
processes regulating cell proliferation of tumor metasta-
ses in animal (Roymans et al. 2002; Boissan et al. 2009). 
Transgenic study of OsNDPK1 in rice confirms the func-
tion of type I NDPK in plant growth and development 
(Pan et al. 2000). Knockdown of OsNDPK1 resulted in 
growth defect, shorter mature plants, and reduced cell 
length in coleoptile epidermal cells, which suggests that 
OsNDPK1 is involved in the cell elongation processes. 
Studies in potato have demonstrated remarkable differ-
ences in NDPK1 expression among cell types, with pre-
dominant expression in meristematic zones and provascu-
lar tissues (Dorion et al. 2006). Manipulation of NDPK1 
activity is also found to affect potato root growth (Dorion 
et al. 2017). Here, we identified OsNDPK4, another type 

Fig. 7   Bacterial blight pathogen resistance and expression of resist-
ance-related genes in Osndpk4. a Reactions of WT and Osndpk4 to 3 
Xoo isolates. Bar = 2 cm. b Lesion lengths of WT and Osndpk4 to 3 
Xoo isolates measured 3 weeks after infection. Data are means ± SD 

of ten plants. c Relative expression of pathogenesis-related genes in 
WT and Osndpk4 leaves at the tillering stage. Data are means ± SD of 
three biological replicates (Student’s t test: **P < 0.01)

Fig. 8   Transcriptomic analysis of roots of 7-day-old Osndpk4 by 
RNA-seq. Gene ontology (GO) enrichment of up- (a) and down-
regulated (b) differentially expressed genes (DEGs) between WT and 
Osndpk4, respectively. KEGG pathway enrichment of up- (c) and 
down-regulated (d) DEGs between WT and Osndpk4. e Mapping 
of DEGs associated with the KEGG fatty acid degradation pathway. 
Boxes labelled with red color indicate up-regulated DEGs between 
WT and Osndpk4. f MapMan analysis of DEGs associated with ribo-
some proteins

◂
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I NDPK in rice, and found that OsNDPK4 is critical for 
maintaining root meristem activity and cell elongation 
(Fig. 2a–f), which is further evidenced by the high expres-
sion in tip regions of primary roots, adventitious roots, 
and lateral roots (Fig. 6a–c). ROS regulates the balance 
between cellular proliferation and differentiation in roots 
(Tsukagoshi et al. 2010). The reduced ROS level observed 
in the root of Osndpk4 indicates that OsNDPK4 is critical 
for maintaining ROS levels in root tips (Fig. 4b, c).

Besides a crucial role in NTP metabolism, plant NDPK 
isoforms play roles in different processes based on their 
subcellular localization. NDPK isoforms in plants have 
been shown to be located in various subcellular compart-
ments (Sweetlove et al. 2001; Cho et al. 2004; Dorion and 
Rivoal 2015). Type I NDPKs are believed to be located 
in the cytosol due to lack of targeting sequences (Dorion 
et  al. 2006), types II and III NDPKs have N terminal 
extensions and are thought to be located in the chloroplast 

Fig. 9   Expression profiles of DEGs associated with metabolism, 
transport, and signalling of hormones. a Heat map of DEGs involved 
in biosynthesis, inactivation, transport, and signalling of cytokinin. 
b Heat map of DEGs involved in biosynthesis and signalling of eth-
ylene. c Heat map of DEGs involved in biosynthesis, inactivation, 
transport, and signalling of auxin. d Heat map of DEGs involved 

in biosynthesis, inactivation and signalling of gibberellin. e Heat 
map of DEGs involved in biosynthesis and signalling of SA. f Heat 
map of DEGs involved in biosynthesis and signalling of jasmonate. 
Color scale represents log2 (fold change of gene expression between 
Osndpk4 and WT)
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and/or mitochondria (Sweetlove et al. 2001), while type 
IV NDPKs putatively localize in the ER (Dorion and Riv-
oal 2015). The predicted subcellular localization of type I 
NDPKs in the cytosol is supported by experimental studies 
using transient expression of AtNDPK1 and OsNDPK1 
fused to fluorescent proteins (Reumann et al. 2009; Kihara 
et al. 2011). Here, we found that OsNDPK4 located in the 
cytosol (Fig. 5j), which is consistent with a previous pre-
diction (Cho et al. 2004). The same subcellular localiza-
tion of OsNDPK4 and OsNDPK1 is consistent with their 
putative functional redundancy, which could facilitate 
one to effectively compensate the functional loss of the 
other. However, the severe phenotype observed in Osndpk4 
shows that NDPK1 is not sufficient to complement the 
NDPK4 deficiency. This suggests functional specific-
ity between NDPK1 and NDPK4. Moreover, eukaryotic 
NDPKs could form homo- and/or heterohexamers (Johans-
son et al. 2004). The aberrant NDPK4 in Osndpk4 might 
disturb NDPK activities in the cytosol by formation of 
functionally impaired NDPK1–NDPK4 heterohexamers.

It’s known that hormone crosstalk plays critical roles 
in growth and defense trade-offs of plants (Berens et al. 
2017). Among them, auxin and cytokinins are two classic 
hormones regulating growth, jasmonate and SA are major 
positive regulators of plant defense, while ethylene and 
gibberellins are important modulators of both growth and 
defense. Analysis of DEGs in Osndpk4 found that a number 
of genes encoding key members were associated with these 
hormones ranging from metabolism, transport to signalling 
(Fig. 9a–f). It was seen that the cytokinin signalling pathway 
was repressed in Osndpk4 (Fig. 9a), which is consistent with 
the observed reduced root meristem activity. Correspond-
ing with it, 19 key regulatory components of the cell cycle 
were found in DEGs and 17 of them were down-regulated, 
including 2 CDKs, 11 cyclins, 2 RBs, CKS1, DEL2, E2F2, 
and KRP5 (Supplementary Table S6), suggesting repres-
sion of cell division in Osndpk4. The biosynthesis and sig-
nalling of ethylene were significantly enhanced (Fig. 9b), 
which is consistent with previous reports of its inhibition 
of rice root development (Růžička et al. 2007; Yang et al. 
2015). An auxin gradient is critical for cell division and 
cell elongation as shown by retarded root growth of PIN 
mutants in Arabidopsis (Blilou et al. 2005). A broad down- 
and up-regulation of its transport components were observed 
(Fig. 9c), including 4 out of total 5 AUX/LAXs and 9 out of 
total 12 PINs in the rice genome, which indicates distur-
bance of the auxin gradient along the root of Osndpk4. Gib-
berellins are believed to promote root cell elongation in the 
elongation zone (Takatsuka and Umeda 2014). In line with 
it, repression of gene encoding key enzymes for biosynthe-
sis and induction of genes encoding deactivating enzymes 
for gibberellins were observed in Osndpk4 (Fig. 9d). The 
biosynthesis and signalling of SA and jasmonate were both 

significantly activated in Osndpk4 (Fig. 9e, f), which might 
lead to the retarded root growth and enhanced resistance 
against bacterial blight (Fig. 7a, b) (Chen et al. 2011; Xu 
et al. 2017).

Enhanced expression of OsNDPK1 in rice was observed 
upon infection with bacterial pathogens (Cho et al. 2004). 
In the present study, we showed that the loss-of-function of 
OsNDPK4 resulted in enhanced resistances to rice bacterial 
blight (Fig. 7a, b). The accumulation of pathogenesis-related 
(PR) proteins is one of the most-characterized plant-defense 
responses. The expression of two PR marker genes, PR1b 
and PO-C1, was both significantly up-regulated in Osndpk4 
(Fig. 6c), indicating activation of PR genes and their pos-
sible roles in the enhanced pathogen resistance. Whole-
genome transcriptome analysis displayed that there were 50 
previously reported PRs in the DEGs and all but two of them 
were significantly up-regulated in Osndpk4 (Supplementary 
Table S7). Moreover, WRKY transcription factors are key 
components in SA-dependent defense responses regulating 
PR gene expression (Jimmy and Babu 2015). In our study, 
there were 55 WRKY genes showing differential expression 
in Osndpk4 compared with the WT, and 52 of them were 
up-regulated (Supplementary Table S8).

In conclusion, we report herein that OsNDPK4 regulates 
development-defense trade-offs in rice. We characterized the 
roles of this rice protein, and revealed that loss-of-function 
of OsNDPK4 resulted in defective root development and 
elevated pathogen resistance.
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