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Abstract

Grain filling is an important process that contributes to grain 
yield in rice, especially in large panicle types. Genes associated 
with grain filling primarily belong to pathways in carbohydrate 
metabolism such as sucrose biosynthesis, sucrose transport and 
starch biosynthesis. The knowledge on the interplay of proteins 
in regulating various pathways associated with grain filling is still 
sparse. In this study we have surveyed the genomic neighbourhood 
(50Kb upstream and downstream) of six grain filling associated 
genes viz. Alpha-amylase, Starch synthase, Sucrose phosphate 
synthase, Glucose transporter, Sucrose transporter and Triose 
phosphate translocator. This has led to the identification of several 
genes coding for transcription factors, enzymes and other proteins 
in the neighbourhood of the foresaid grain filling associated genes. 
The identified neighbourhood genes constitute a prudent set of 
candidate genes for functional validation of their direct or indirect 
involvement in grain filling related pathways. A subset of the 
identified neighbourhood genes is expected to co-express with the 
known grain filling related genes. It was found that stress tolerance 
genes were present in the neighbourhoods of all the grain filling 
related enzymes selected for this study pointing to the possible 
stress tolerance mechanisms in action during reproductive phase.

Key words: Grain filling, Co-expression, neighbourhood genes, 
co-expressed genes in grain filling 

1. Introduction

Rice (Oryza sativa L.) is the most important food crop in the 

developing world especially in Asia. Population growth, 

changing food habits and shrinking area under rice 

cultivation demand improvement in rice grain yield and 

productivity world-wide. The grain yield is an integrated 

function of various physiological and biochemical 

processes contributing to sink capacity and grain filling 

efficiency (Kato and Takeda, 1996). Sink capacity of a rice 

plant is defined by three characteristics: individual grain 

weight and size, total number of spikelets in a panicle 

and total number of panicles in a plant (Kato et al., 2007). 

The breeding efforts to increase the sink capacity has 

resulted in lines with extra heavy panicles which often fail 

to achieve their yield potential due to diminished grain-

filling efficiency (Peng et al., 1999; Yang et al., 2002; Yang 

et al., 2010). Grain filling is the process by which fertilized 

ovaries in each of the spikelet develop into caryopses 

(fruit) by accumulating starch in the kernel. In a panicle, 

large and heavy superior grains are formed from spikelets 

located on apical primary branches which flower first 

while spikelets located on the basal secondary branches 

reach anthesis later and generate smaller or chaffy grains 

(Peng et al., 2016). Inferior spikelets fail to fill completely 

owing to a low grain filling rate in secondary branches 

(Wei et al., 2011).
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Genes associated with sucrose transport and starch 

metabolism have considerable effect on grain filling (Chen 

et al., 2019). An important aspect of grain filling process 

is the transportation of soluble sugars from source tissues 

to the spikelets through sugar transporters (Wang et al. 

2019). Sucrose translocation is the major contributor of 

filling inferior grains (Wang et al., 2015). Starch synthesis 

and accumulation in grains is also of great importance, as 

it forms almost the entire of the seeds (Wei et al., 2017). 

Some transcription factors related to sucrose and starch 

metabolism have been found to affect grain filling. For 

instance, differential, transient and over expression analysis 

of NAC, GATA and WRKY genes have shown their 

involvement in the process of grain filling in inferior grains 

(Sperotto et al., 2009; Wang et al., 2019; Zhang et al., 2011).

Segments of genetic material with specific characteristics 

viz. epigenetic modifications, physical interaction with 

the nuclear lamina, etc. have been defined as “genomic 

neighbourhoods” or “domains” (De and Babu, 2010). 

Apart from the presence of such regulatory sites, larger 

segments of the neighbourhoods of a gene, harbour other 

genes coding for various proteins or RNAs. These genes 

many-a-times function in related pathways or have related 

biological functions and may be co-expressed (Wang 

et al. 2011, Ghanbarian and Hurst, 2015). Such intra-

chromosomal colocalization can strengthen co-expression, 

co-modification, and evolutionary conservation of 

neighbouring genes (Lian et al. 2018)

In this study, we identified many transcription factors and 

other genes in the 50Kb neighbourhood of known grain 

filling related genes.

2. Materials and methods

Six important grain filling related genes including three 

enzymes (α-amylase, starch synthase, SPS) and three 

transporters (Glucose transporter (GLUT), Sucrose 

transporter (SUT) and triose phosphate translocator (TPT)) 

were selected for this analysis. Paralogues of the selected 

grain filling related genes were identified using key word 

searches in Oryza sativa genome in NCBI genome data 

viewer (www.ncbi.nlm.nih.gov/genome/gdv/browser/

genome/?id=GCF000001405.39) with locus search 

option. The identified locus id was used for navigating 

the neighbourhoods of each paralogous loci using the 

INSDC annotation provided by RAPDB. Genes within 

50Kb upstream and downstream of each of the loci were 

collected. Neighbourhood gene functions were obtained 

from NCBI annotations using Batch Entrez (www.ncbi.

nlm.nih.gov/sites/batchentrez) option and Uniprot (www.

uniprot.org/) database. The obtained neighbourhood 

genes were classified into enzymes, transcription factors, 

other proteins and hypothetical proteins. The protocol 

is described in the Flowchart (Figure 1). The count of 

neighbourhood loci in each of the category was taken.

Figure 1: Protocol for identification of genes and their 
neighbourhood loci related to grain filling

3. Results and Discussion

3.1 Orthologues of grain filling related genes

Alpha-amylase and Triose phosphate translocator have 

the highest number of orthologous loci with 19 in each 

(Supplementary File 1). SUT hit the lowest with 6 loci. 

There were 11 loci in starch synthase, 8 loci in SPS and 9 

in GLUT (Supplementary File 1). Chromosome 1 has the 

maximum grain filling related genes under investigation, 

followed by chromosome 2. Chromosome 11 and 12 were 

found to be sparsely populated with respect to the selected 

genes (Table 1, Supplementary File 1).
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3.2 Distribution of neighbourhood genes

Genomic regions near the grain filling related genes may 

harbor other genes involved in grain filling for which the 

grain filling function is not known hitherto. Therefore, we 

analyzed the genes present in 50Kb distance both 

upstream and downstream of six grain filling related genes. 

The number of neighbourhood genes in α amylase and 

Table 1: Chromosome wise loci of selected grain filling related genes

Chromosome Os AF (OsSS) (OsSPS) OsGLUT OsSUT OsTPT Total

1 2 1 2 1 0 4 10

2 2 2 1 1 2 0 8

3 1 0 0 1 1 3 6

4 2 1 1 0 1 0 5

5 0 1 0 1 0 4 6

6 1 3 2 2 0 1 9

7 6 1 0 0 0 1 8

8 2 1 1 0 0 3 7

9 2 0 0 3 0 1 6

10 0 1 0 0 1 0 2

11 0 0 1 0 0 1 2

12 1 0 0 0 1 1 3

Total 19 11 8 9 6 19

starch synthase, were 100. SPS has slightly less populated 

neighbourhood with 67 loci (Figure 2). Compared to these 

enzymes, GLUT and SUT have most poorly populated 

neighbourhood with 55 genes. However, Triose phosphate 

translocator has an exceptionally highly populated 

neighbourhood with 152 loci (Figure 2).

Figure 2: Graph showing distribution of total number of neighbourhood loci in genes Alpha-amylase, Starch Synthase, Sucrose 
Phosphate Phosphatase (SPS)Glucose transporter (GLUT), Sucrose transporter (SUT), Triose phosphate translocator (TPT)
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Maximum number of ‘other proteins’ (Figure 4) and 

‘uncharacterized proteins’ (Figure 5) categories were 

also observed in the neighbourhood of TPT (60 and 43 

respectively). TPT is a triose transporter on chloroplast 

membrane. It is responsible for the export of the 

carbohydrates produced through photosynthesis which 

is one of the primary steps in the numerous downstream 

processes of grain filling (Fabre et al., 2019). The crowded 

neighbourhood of TPT is suggestive of its co-expression 

with different proteins in many biological pathways owing 

to its regulatory role in numerous metabolic processes 

(Walters et al., 2004).

A functional categorization of these neighbourhood genes 

into enzymes, transcription factors, other proteins and 

un-characterized proteins revealed that the gene density 

of these categories in the 50Kb neighbourhood of select 

grain filling related genes differ considerably. In TPT 

neighbourhood around 40 genes were coding for various 

enzymes. Number of enzyme coding neighbourhood 

genes in Alpha-amylase, Starch synthase and SPS genes 

were slightly less than that of TPT. GLUT and SUT gene 

neighbourhoods showed a much lower number of enzyme 

coding genes; 24 and 10 respectively.

Transcription factor genes in the neighbourhood were 

the lowest among all the grain filling genes surveyed. 

Neighbourhoods of Starch synthase, SPS and GLUT genes 

harbored single transcription factor locus only. Sucrose 

transporter has two transcription factors in its 50Kb flanking 

region. Alpha-amylase neighbourhood harbored four 

transcription factors and that of TPT housed nine (Figure 3).

Figure 3: Transcription factors in the 50Kb upstream and downstream neighbourhood of select genes

Figure 4: Other proteins in the 50Kb upstream and downstream neighbourhood of select genes



Candidate genes contributing to grain filling in rice 

225

Figure 5: Uncharacterized proteins in the 50Kb upstream and downstream neighbourhood of select genes

3.3 Transcription factors in neighbourhood

Further to understand on the functional implications of 

the neighbourhood genes, we examined the tanscription 

factor genes. It was found that the genes coding for 

transcription factors viz., WRKY 24, ERF 109, bZIP 

23, TCP21, were located in the neighbourhood of alpha-

Amylase gene (Table 2). WRKY has been previously 

shown to affect grain filling (Zhang et al., 2011). Some 

ethylene-responsive transcription factors (ERFs) have also 

been known to be involved in grain filling (Schmidt et al., 

2014). Starch Synthase harboured ERF11, which is also 

a growth associated factor (Dubois et al., 2015). Glucose 

transporter neighbourhoods harboured no transcription 

factor gene instead it has a transcription co-activator 

– multi protein bridging factor 1c, which was recently 

reported to be associated with salinity tolerance (Zhao 

et al., 2019). TPT harboured nine in its vicinity which 

included stress responsive transcription factors apart from 

the general transcription factors (Table 2). Implications 

of the presence of the transcription factors near the grain 

filling genes are yet to be elucidated. We propose that the 

transcription factor genes may be expressed together with 

the known grain filling related genes and may have a role 

in regulating their expression.

Table 2: Transcription factors in the vicinity of select grain filling related genes

Sl No Gene Transcription factors in neighbourhood

1 Alpha-amylase WRKY transcription factor WRKY24 

ethylene-responsive transcription factor ERF109 

bZIP transcription factor 23

transcription factor TCP21

2 Starch synthase ethylene-responsive transcription factor 11

3 Sucrose phosphate synthase Nil

4 Glucose transporter Nil

5 Sucrose transporter transcription termination factor MTEF1

transcription factor ILI
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6 Triose phosphate translocator transcription factor IIIA

transcription elongation factor SPT6

AP2-like ethylene-responsive transcription factor TOE3

NAC domain-containing protein 41

probable WRKY transcription factor 65

heat stress transcription factor A-4b

basic leucine zipper 19

probable transcription factor GLK2

general transcription factor IIE subunit 1

3.4 Common genes in the neighbourhoods

There were no neighbourhood gene common between 

all the 6 genes selected. One gene PCMP-E42 

(Pentatricopeptide repeat proteins) was found to be 

common among the 50Kb neighbourhood of 5 genes 

– Alpha-amylase, Starch synthase, SPS, SUT and TPT 

(Figure 7a, 7b). Pentatricopeptide repeat proteins regulate 

gene expression at RNA level (Manna et al., 2015). 

Presence of PCMP gene implicates a possible common 

post transcriptional gene regulation pathway for these 

genes. 

Another gene Ubiquitin ligase which controls several 

aspects of eukaryotic biology by promoting protein 

ubiquitination and degradation is present in the 

neighbourhood of 4 genes –Alpha-amylase, Starch 

synthase, SPS (Figure 6a) and TPT (Figure 6b). However, 

these ubiquitin ligase genes belong to different families. 

Alpha-amylase and SPS have BOI RNF4 family Ubiquitin 

ligases which are associated with biotic and abiotic stress 

(Sun et al., 2007), whereas Starch synthase has WAV3 

Ubiquitin ligase which is functionally related to root 

growth (Sakai et al., 2012). Ubiquitin ligases RHC1A, 

SIRP1, RGLG4, UPL4 and EL5 were present in TPT. 

The role of RING-Finger type Ubiquitin ligases in grain 

filling has been elucidated previously (Matsuoka and 

Ashikari, 2007). 

Splicing factor 1 (SF1) was found to be common among 

four genes viz., Starch synthase (Figure 6a), GLUT, SUT 

and TPT (Figure 6b). The splicing factor is involved in 

the ATP-dependent formation of the spliceosome complex 

and its presence in the neighbourhood of these genes 

suggests involvement of their splice variants in grain filling 

(see Chen and Cheng, 2012 for a review).

Alpha-amylase ,  G LUT and TPT have U DP-

glycosyltransferase (UGT) as common (Figure 7a, 7b). 

UGT catalyzes the addition of the glycosyl group from 

a UTP-sugar to a small hydrophobic molecule (Meech et 

al., 2019).

Alpha-amylase, SPS and TPT have probable auxin efflux 

carrier component (PIN) as common neighbourhood 

gene. Alpha-amylase and SPS were known to enhance the 

levels of sucrose in plants (Yang et al., 2001) The Sucrose 

molecule in turn is involved in auxin transport through 

PIN (stokes et al., 2013). Therefore, the nearness of these 

genes with PIN can be suggestive of their co-expression.

There were some common genes between the genes of 

antagonistic function in grain filling For instance, starch 

degrading Alpha-amylase and Starch synthase have 

some common neighbourhood genes viz. RGA3, NAC, 

LRR and ER which are biotic stress tolerance related. 

This indicates possible co-expression or co-inheritance 

of these genes with both Alpha-amylase and Starch 

synthase. (Figure 6a). AA and TPT neighbourhood 

harbour NAC41 and Starch synthase harbor NAC94. 

NAC domain containing protein may play important roles 

in the regulation of the transcriptional reprogramming 

associated with plant stress responses (Sun et al., 2018; 

Murozuka et al., 2018)

The presence of WAK (associated with growth) in the 

vicinity of SPS and starch synthase suggests their co-

functioning or co-inheritance. WAK, which is involved in 

cell signalling has been implicated in seed development 

as well, explaining its localization in the neighbourhood 

of both SS and SPS (Wang et al., 2012).

Universal stress protein gene (USP) was found to be 

common for starch synthase and TPT (Figure 6a, 6b). USP 
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genes protect the organism from environmental stress and 

also protect the DNA and more generally the cell from 

further damage. Presence of USP gene suggests importance 

of stress responsiveness of the plant during grain filling.

Figure 6: Common neighbourhood genes in 50kb both upstream and downstream neighbourhood of a) Alpha-amylase, 
Starch Synthase and SPS b) Glucose transporter (GLUT), Sucrose transporter (SUT), Triose phosphate translocator (TPT). 
The details of functions are given in Table 3.

E3 Ubiquitin lagase, ARP1, MST1, SF, UGT are 

common for glucose transporter and triose phosphate 

translocator. F-box protein and SF was found to be 

common for Glucose transporter, sucrose transporter and 

triose phosphate translocator.RNA helicase, Hox21 and 

PCMPwas found to be common for Sucrose transporter 

and triose phosphate translocator.

AA and TPTgenes have WRKY transcription factor 

WRKY24 (WRKY24), ras-related protein (RRP), THO 

complex subunit THOC, probable calcium-binding 

protein CML in their 50Kb neighbourhood(Figure 7). 

Ras related protein mainly involved Intracellular vesicle 

trafficking and protein transport. THO complex is a 

nuclear structure with important role in biogenesis of 

mRNPs involved in the process between transcription 

elongation and mRNA maturation / export. The function 

of Calcium binding protein CML is to regulate the 

amount of cytosolic free Ca2+. Elucidating the functional 

implications of these genes in the neighbourhood of grain 

filling genes need further experimentations.

Figure 7: Common neighbourhood genes between Alpha-
amylase and TPT

Table 3: List of Common genes in the neighbourhood of grain filling related genes

Sl No Common Gene Function Reference

1 PCMP-E42 Regulation of Gene expression, grain filling Manna 2015, Li et al., 2014

2 E3 Ubi Ligase Drought tolerance, immune response, grain 
filling

Zheng et al., 2017; Bae et al., 2011; 
Kachewar et al., 2019
Capron et al., 2012; Song et al., 2007; 
Matsuoka & Ashikari, 2007

3 UGT Stress responsive regulation Meech etal., 2019
Rehman et al., 2018

4 PIN Auxin carriers
Growth and grain yield

Zhou et al., 2018, 
Sharma et al., 2018
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5 WAK cell signalling, Seed development Anderson et al., 2001,
Wang et al., 2012

6 SF Developmental &morphological regulation Kalyna et al. 2003

7 USP abiotic stress tolerance Wang et al.,2017

8 RGA3 Putative disease resistance gene Vossen et al., 2003

9 NAC transcription factor involved in multiple 
biological processes.

Sun et al., 2018 & Murozuka et al., 
2018

10 LRR Pathogen responsive Moffett et al., 2002

11 ER stress signalling, wound repair. Heyman et al., 2018

12 F-box protein control many important biological functions. Xu et al., 2009 & Chen et al., 2013

13 SF RNA Splicing Kumar et al., 2012

14 Ribonuclease RNA degradation. Schein et al., 2008

16 ARP1 mRNA localization Hong et al., 2019

17 MST1 Monosacharide transporter Vikram et al., 2019

18 RNA helicase chloroplast gene expression regulation Nawaz et al., 2019

19 Hox21 seed maturation, floral induction, stress and 
hormone signaling Nijhawan et al., 2008

20 WRKY seed development Zhang et al.,2011

21 RRP Cell signalling, heat tolerance and grain 
yield El-Esawi & Alayafi, 2019

22 THO Complex Subunit Transcriptional elongation, mRNA export Jimeno et al., 2002

23 CML Calcium binding protein Perochon et al., 2011

Conclusion

This study presents a set of gene loci that are in the 50Kb 

genomic neighbourhood regions of known grain filling 

pathway genes in Oryza sativa genome. The identified 

neighbourhood genes include transcription factors and 

other gene expression regulators. The physical proximity 

of these genes with the known grain filling related genes 

implicates the involvement of these puta tive candidate 

genes in related pathways through co-expression and co-

inheritance. Over all, the neighbourhood genes suggested 

in this study could have direct or indirect effects on 

grain filling and therefore can be considered as putative 

candidate genes.

Acknowledgement

Authors thank ICAR-IIRR for infrastructural and man 

power facilities for carrying out this work.

Author Contributions

DPS, CR and RKG prepared the manuscript and DPS, 

CNN and BSM helped in preparing the final version of 

the manuscript and correspond to the journal. 

Ethical Approval 

This article does not contain any studies involving human 

or animal participants performed by any of the authors.

Conflicts of Interest:

The authors declare no conflict of interest.

References

1. Anderson CM, TA Wagner, M Perret, ZH He, D He 

and BD Kohorn. 2001. WAKs: cell wall-associated 

kinases linking the cytoplasm to the extracellular 

matrix. Plant Mol Biol 47(1-2):197-206

2. Bae H, SK Kim, SK Cho, BG Kang and WT Kim. 

2011. Over expression of OsRDCP1, a rice RING 

domain-containing E3 ubiquitin ligase, increased 

tolerance to drought stress in rice (Oryza sativa L.). 

Plant Sci 180(6):775-82

3. Capron D, S Mouzeyar, A Boulaflous, C Girousse, 

C Rustenholz, C Laugier, E Paux and MF Bouzidi. 

2012. Transcriptional profile analysis of E3 ligase 



Candidate genes contributing to grain filling in rice 

229

and hormone-related genes expressed during wheat 

grain development BMC. Plant Biol 12: 35 

4. Chen HC and SC Cheng. 2012. Functional roles 

of protein splicing factors. Biosci Rep 32(4):345-59

5. Chen L, Y Deng, H Zhu, Y Hu, Z Jiang, S Tang, S 

Wang and Y Ding. 2019. The Initiation of Inferior 

Grain Filling is Affected by Sugar Translocation 

Efficiency in Large Panicle Rice. Rice 12:75

6. Chen Y, Y Xu, W Luo, W Li, N Chen, D Zhang and 

K Chong. 2013. The F-Box protein OsFBK12 targets 

OsSAMS1 for degradation and affects pleiotropic 

phenotypes, including leaf senescence, in rice. Plant 

Physiol163(4): 1673–1685

7. De S and MM Babu. 2010. Genomic neighbourhood 

and the regulation of gene expression. CurrOpin 

Cell Biol 22(3): 326-33 

8. Dubois M, L van den Broeck, H Claeys, K Van 

Vlierberghe, M Matsui and D Inzé. 2015. The 

ethylene response factors ERF6 and ERF11 

antagonistically regulate mannitol-induced growth 

inhibition in Arabidopsis. Plant Physiol169(1):166-79

9. Fabre D, X Yin, M Dingkuhn, A Clement-Vidal, 

S Roques, L Rouan, A Soutiras and D Luquet. 

2019. Is triose phosphate utilization involved in the 

feedback inhibition of photosynthesis in rice under 

conditions of sink limitation? Journal of Experimental 

Botany 70(20): 5773–5785.

10. Ghanbarian AT and LD Hurst. 2015. Neighboring 

Genes Show Correlated Evolution in Gene 

Expression Mol BiolEvol. 32(7): 1748–1766 

11. Heyman J, B Canher, A Bisht, F Christiaens and L 

De Veylder. 2018. Emerging role of the plant ERF 

transcription factors in coordinating wound defense 

responses and repair. Journal of Cell Science 131(2).

12. Jimeno S, AG Rondón, R Luna and A Aguilera. 

2002. The yeast THO complex and mRNA export 

factors link RNA metabolism with transcription and 

genome instability. EMBO J 21(13): 3526–3535

13. Kachewar NR, V Gupta, A Ranjan, HK Patel and 

RV Sonti. 2019. Overexpression of OsPUB41, a Rice 

E3 ubiquitin ligase induced by cell wall degrading 

enzymes, enhances immune responses in Rice and 

Arabidopsis. BMC Plant Biol.19(1):530

14. Kalyna M, Lopato S and A Barta. 2003. Ectopic 

expression of atRSZ33 reveals its function in splicing 

and causes pleiotropic changes in development. Mol 

Biol Cell 14:3565–3577

15. Kato T, D Shinmura and A Taniguchi. 2007. 

Activities of enzymes for sucrose–starch conversion 

in developing endosperm of rice and their association 

with grain-filling in extra-heavy panicle types. Plant 

Production Science10: 442-450

16. Kato T and K Takeda. 1996. Associations among 

characters related to yield sink capacity in space-

planted rice. Crop Science 36:1135-1139

17. Kumar KR and PB Kriti. 2012. Novel role for a 

serine/arginine-rich splicing factor, AdRSZ21 in 

plant defense and HR-like cell death. Plant Mol 

Biol. 80(4-5):461-76

18. Li XJ, YF Zhang, M Hou, F Sun, Y Shen, ZH Xiu, X 

Wang, ZL Chen, SS Sun, I Small and BC Tan. 2014. 

Small kernel 1 encodes a pentatricopeptide repeat 

protein required for mitochondrial nad7 transcript 

editing and seed development in maize (Zea mays) 

and rice (Oryza sativa). Plant J 79(5):797-809. 

19. Lian S, T Liu, S Jing, H Yuan, Z Zhang and L Cheng. 

2018. Intrachromosomal colocalization strengthens 

co-expression, co-modification and evolutionary 

conservation of neighboring genes. BMC Genomics 

19: 455

20. Manna S. 2015. An overview of pentatricopeptide 

repeat proteins and their applications. Biochimie 

113:93-99

21. Meech R, DG Hu, RA McKinnon, SN Mubarokah, 

AZ Haines, PC Nair, A Rowland and PI Mackenzie. 

2019. The UDP-Glycosyltransferase (UGT) 

superfamily: new members, new functions, and 

novel paradigms. Physiol Rev 99(2):1153-1222

22. Misra VA, EK Wafula, Y Wang, CW de Pamphilis 

and MP Timko. 2019. Genome-wide identification 

of MST, SUT and SWEET family sugar transporters 

in root parasitic angiosperms and analysis of their 

expression during host parasitism. BMC Plant 

Biology 19: 196

23. Moffett P, G Farnham, J Peart and DC Baulcombe. 

2002. Interaction between domains of a plant NBS–



Journal of Cereal Research 15 (2): 221-231

230

LRR protein in disease resistance-related cell death. 

EMBO J 21(17): 4511–4519

24. Mohamed A. El-Esawi and Aisha A. Alayafi. 2019. 

Over expression of rice Rab7 gene improves drought 

and heat tolerance and increases grain yield in rice 

(Oryza sativa L). Genes (Basel) 10(1): 56 

25. Murozuka E, JA Massange-Sánchez, K Nielsen, 

PL Gregersen and I Braumann. 2018. Genome 

wide characterization of barley NAC transcription 

factors enables the identification of grain-specific 

transcription factors exclusive for the Poaceae family 

of monocotyledonous plants. PLoS One 10:1371

26. Nawaz G and H Kang. 2019. Rice OsRH58, a 

chloroplast DEAD-box RNA helicase, improves 

salt or drought stress tolerance in Arabidopsis by 

affecting chloroplast translation. BMC Plant 

Biology 19: 17

27. Nijhawan A, Jain, AK Tyagi and JP Khurana. 2008. 

Genomic Survey and Gene Expression Analysis of the 

Basic Leucine Zipper Transcription Factor Family in 

Rice. Plant Physiology146: 333–350

28. Peng S, KG Cassman, SS Virmani, J Sheehy and GS 

Khush. 1999. Yield potential trends of tropical since 

the release of IR8 and its challenge of increasing rice 

yield potential. Crop Science39:1552-1559

29. Perochon A, D Aldon, JP Galaud and B Ranty. 2011. 

Calmodulin and calmodulin-like proteins in plant 

calcium signalling. Biochimie 93(12):2048-53.

30. Rehman HM, MA Nawaz, ZH Shah, J Ludwig-

Müller, G Chung, MQ Ahmad, SH Yang and SI 

Lee. 2018. Comparative genomic and transcriptomic 

analyses of Family-1 UDP glycosyltransferase in 

three Brassica species and Arabidopsis indicates stress-

responsive regulation. Scientific Reports 8:1875

31. Sakai T, S Mochizuki, K Haga, Y Uehara, A Suzuki, 

A Harada, T Wada, S Ishiguro and K Okada. 2012. 

The wavy growth 3 E3 ligase family controls the 

gravitropic response in Arabidopsis roots. Plant J 

70(2): 303-14

32. Schein A, S Sheffy-Levin, F Glaser and G Schuster. 

2008. The RNase E/G-type endoribonuclease of 

higher plants is located in the chloroplast and cleaves 

RNA similarly to the E. coli enzyme. RNA 14(6): 

1057–1068.

33. Schmidt R, JH Schippers, D Mieulet, M Watanabe, R 

Hoefgen, E Guiderdoni and B Mueller-Roeber. 2014. 

SALT-RESPONSIVE ERF1 is a negative regulator 

of grain filling and gibberellin-mediated seedling 

establishment in rice. Mol Plant 7(2):404-21.

34. Sharma L, M Dalal, RK Verma, SVV Kumar, SK 

Yadav, S Pushkar, SR Kushwaha, A Bhowmik and V 

Chinnusamy. 2018. Auxin protects spikelet fertility 

and grain yield under drought and heat stresses 

in rice. Environmental and Experimental Botany 

150:9–24

35. Song XJ, W Huang, M Shi, MZ Zhu and HX Lin A. 

2007. QTL for rice grain width and weight encodes a 

previously unknown RING-type E3 ubiquitin ligase. 

Nat Genet 39(5):623-30

36. Sperotto RA, FK Ricachenevsky, GL Duarte, T 

Boff, KL Lopes, ER Sperb, MA Grusak and JP Fett. 

2009. Identification of up-regulated genes in flag 

leaves during rice grain filling and characterization 

of OsNAC5, a new ABA-dependent transcription 

factor. Planta230(5):985-1002

37. Stokes ME, A Chattopadhyay, O Wilkins, E 

Nambara and M Malcolm. Campbell. 2013. 

Interplay between sucrose and folate modulates 

auxin signaling in Arabidopsis. Plant Physiol162(3): 

1552–1565 

38. Sun H, M Hu, J Li, L Chen, M li, S Zhang, X Zhang 

and X Yang. 2018. Comprehensive analysis of NAC 

transcription factors uncovers their roles during fiber 

development and stress response in cotton. BMC 

Plant Biology 18: 150

39. Sun H, JD Leverson and T Hunter. 2007. Conserved 

function of RNF4 family proteins in eukaryotes: 

targeting a ubiquitin ligase to SUMOylated proteins. 

EMBO J 26(18): 4102–4112 

40. Tian L, HL Chou, L Zhang and TW Okita. 2019. 

Targeted endoplasmic reticulum localization of storage 

protein mRNAs requires the RNA-binding protein 

RBP-L. Plant Physiol 179(3): 1111-1131 

41. van der Vossen E, A Sikkema, J HekkertBt Gros, 

P Stevens, M Muskens, D Wouters, A Pereira, W 

Stiekema and S Allefs. 2003. An ancient R gene from 

the wild potato species Solanum bulbocastanum confers 



Candidate genes contributing to grain filling in rice 

231

broad-spectrum resistance to Phytophthora infestans in 

cultivated potato and tomato. Plant J 36(6):867-82

42. Walters RG, DG Ibrahim, P Horton and NJ Kruger. 

2004. Mutant of Arabidopsis lacking the Triose-

phosphate/phosphate translocator reveals metabolic 

regulation of starch breakdown in the light. Plant 

Physiology 135: 891–906

43. Wang L, Q Lu, X Wen and C Lu. 2015. Enhanced 

sucrose loading improves, rice yield by increasing grain 

size. Plant Physiol169: 2848–2862

44. Wang N, HJ Huang, ST Ren, JJ Li, Y Sun, DY Sun 

and SQ Zhang. 2012. The Rice Wall-Associated 

Receptor-Like Kinase Gene OsDEES1 Plays a 

Role in Female Gametophyte Development. Plant 

Physiol160(2): 696–707

45. Wang G, H Li, L Feng, M Chen, S Meng, N Ye and J 

Zhang. 2019. Transcriptomic analysis of grain filling 

in rice inferior grains under moderate soil drying, 

Journal of Experimental Botany. 70: 1597–1611

46. Wang XF, J Su, N Yang, H Zhang, XY Cao 

and JF Kang. 2017. Functional characterization 

of selected universal stress protein from Salvia 

miltiorrhiza (SmUSP) in Escherichia coli. Genes (Basel) 

8(9): 224

47. Wei F, H Tao, S Lin, BAM Bouman, L Zhang, P 

Wang and K Dittert. 2011. Rate and duration of 

grain filling of aerobic rice HD297and their influence 

on grain yield under different growing conditions. 

Science Asia 37:98–104

48. Wei X, G Jiao, H Lin, Z Sheng, G Shao, L Xie, S 

Tang, Q Xu and P Hu. 2017. Grain incomplete 

filling 2 regulates grain filling and starch synthesis 

during rice caryopsis development. J Integr Plant 

Biol 59(2):134-153 

49. Xua G, H Mab, M Neic and H Konga. 2009. 

Evolution of F-box genes in plants: Different modes 

of sequence divergence and their relationships 

with functional diversification. National Academy of 

Sciences106 (3): 835-840

50. Yang J, S Peng, Z Zhang, Z Wang, RM Visperas 

and Q Zhu. 2002. Grain and dry matter yields 

and partitioning of assimilates in japonica/indica 

hybrids. Crop Science 42: 766- 772

51. Yang J and J Zhang. 2010. Grain-filling problem in 

‘super’ rice. J Exp Bot 61(1):1-5

52. Zhang CQ, Y Xu, Y Lu, HX Yu, MH Gu and 

QQ Liu. 2011. The WRKY transcription factor 

OsWRKY78 regulates stem elongation and seed 

development in rice. Planta 234(3):541-54 

53. Zhao Q, L He, B Wang, Q Liu, Y Pan, F Zhang, 

B Jiang and L Zhang. 2019. Over expression of 

a multiprotein bridging factor 1 gene DgMBF1 

improves the salinity tolerance of Chrysanthemum. 

Int J Mol Sci 20(10): 2453

54. Zheng N and N Shabek. 2017. Ubiquitin Ligases: 

Structure, Function, and Regulation. Annu Rev 

Biochem86:129-157.

55. Zhou JJ and J Luo. 2018. The PIN-FORMED auxin 

efflux carriers in plants. Int J Mol Sci 19(9): 2759.


