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Genetics/ Original Article

Physiological and phenotypical
effects of the overexpression of
the OVP1 gene in Japonica rice

Abstract — The objective of this work was to evaluate the physiological,
phenotypic, and gene expression parameters in genetically modified (GM)
rice plants that overexpress the Oryza sativa Vacuolar H'-Pyrophosphatase
1 (OVPI) gene, compared with non-genetically modified (NGM) rice. GM
and NGM plants of the BRSMG Curinga cultivar were evaluated in two
experiments, in a laboratory and greenhouse, in a randomized complete block
design, with four replicates. Agronomic traits of interest were estimated, and
transcriptome analysis and gene expression quantification were carried out.
GM plants showed a 31 and 21% higher number of spikelets per panicle and
total number of grains per panicle, respectively, in comparison with NGM
plants. Physiological changes occurred during the grain-filling stage, in which
GM plants presented a photosynthetic rate and carboxylation efficiency 61
and 89% higher than those of NGM plants, respectively. The overexpression
of the OVPI gene favors the upregulation of some photosynthesis genes and
the increase in the number of spikelets and in the photosynthetic rate, but does
not favor the increase in grain yield.

Index terms: Oryza sativa, genetic engineering, grain yield components,
RNAseq.

Efeitos fisioldgicos e fenotipicos da
superexpressao do gene OVP1 em arroz japonica

Resumo — O objetivo deste trabalho foi avaliar os parametros fisiologicos,
fenotipicos e de expressdo génica em plantas de arroz geneticamente
modificadas (GM) que superexpressam o gene Oryza sativa Vacuolar H'-
Pyrophosphatase 1 (OVPI), em comparagdo ao arroz ndo geneticamente
modificado (NGM). Plantas GM ¢ NGM da cultivar BRSMG Curinga foram
avaliadas em dois experimentos, em laboratério e casa de vegetagdo, no
delineamento de blocos ao acaso, com quatro repeticdes. Foram estimados
caracteres agrondmicos de interesse, ¢ realizadas analise de transcritoma
e quantificacdo da expressdo génica. Plantas GM apresentaram nimero de
espiguetas por panicula e nimero total de graos por panicula 31 e 21% maiores,
respectivamente, em comparacdo as plantas NGM. Ocorreram alteracdes
fisiologicas durante a fase de enchimento de grdos, em que as plantas GM
apresentaram taxa fotossintética e eficiéncia de carboxilagdo 61 e 89% mais
altas do que as das plantas NGM, respectivamente. A superexpressao do gene
OVPI favorece a indugdo de alguns genes da fotossintese e o aumento do
numero de espiguetas e da taxa fotossintética, mas nao favorece o aumento da
produtividade de gréos.

Termos para indexacdo: Oryza sativa, engenharia genética, componentes de
produtividade, RNAseq.
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Introduction

Rice (Oryza sativa L.) Brazilian production for
the 2021/2022 cycle was estimated to be 10.8 million
tons, representing a reduction of 8.4% when compared
with the 11.8 million tons of the previous cycle, which
was expected due to the lower planted area of 3.6%
and lower crop yield of 4.9% (Conab, 2022). Overall,
rice production and consumption are similar, possibly
indicating food insecurity, which, combined with the
low international trade in rice in relation to the total
produced, shows the need of significantly increasing
rice production to meet consumer demands (Mohidem
et al., 2022). In this scenario, biotechnology is an
alternative to increase yield, expanding the productive
potential of rice.

One of the most important components of rice
yield to be considered for plant improvement is
the grain-filling rate, which, to be high, requires a
balanced distribution, throughout the panicle, of the
carbohydrates produced during photosynthesis (Chen
et al., 2019). These carbohydrates are transported over
long distances to the sink organs in the form of sucrose,
which needs to be carried to the phloem, transported,
and released in order to reach the panicle (Scholz-
Starke et al., 2019). Sucrose is loaded into phloem
companion cells through sucrose/H" symport pumps,
a function that requires an electrochemical potential
gradient in the protons between these cells and the
apoplast in order to occur; this gradient is generated
by an electrogenic proton pump, H"-ATPase (Scholz-
Starke et al., 2019).

Protein H™-PPases, encoded by the Oryza sativa
Vacuolar H*-Pyrophosphatase 1 (OVPI) gene, act
in the plasma membrane of the phloem companion
cells, synthesizing cellular pyrophosphate (Primo
et al., 2019), which is used to produce adenosine
triphosphate (ATP), used by H-ATPases to maintain
the proton gradient necessary for sucrose loading
into the phloem. In this way, H"-PPases contribute to
the distribution of sucrose between source and sink
organs and, consequently, to grain filling (Scholz-
Starke et al., 2019). In the tonoplast (membrane of
cell vacuoles), H'-PPases transport H* from the
cytoplasm to the interior of the vacuole through the
cleavage of inorganic pyrophosphate, which causes
several metabolic and morphological changes in plants
transformed to overexpress or silence the OVPI gene
(Schilling et al., 2017). As a result, plants genetically
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modified with this gene have a higher biomass and are
tolerant to saline stress, water deficit, heat, cold, and
soils with a low phosphorus content (Esmaeili et al.,
2019).

Therefore, the OVPI gene, due to its role in several
metabolic pathways, should be evaluated through
genetic engineering, considering its overexpression
may generate useful and nonexistent phenotypic
modifications in the gene pool of cultivated rice,
resulting in a phenotype of interest for obtaining
superior lines and cultivars. For this, it is essential
to evaluate the physiological changes caused by this
overexpression, as well as its effects on important
traits for the genetic improvement of rice.

The objective of this work was to evaluate the
physiological, phenotypic, and gene expression
parameters in genetically modified (GM) rice plants
that overexpress the OVPI gene, compared with non-
genetically modified (NGM) rice.

Materials and Methods

The BRSMG Curinga cultivar of upland rice was
transformed according to the method described
by Dedicova et al. (2015), using the EHA 105
Agrobacterium strain, resulting in 16 transformation
events overexpressing the OVPI gene. The used
plasmid (p7i2x-Ubi) contains both the coding sequence
(2,349 bp) of the rice OVPI gene (LOC_0Os06g43660)
driven by the maize ubiquitin promoter and the bar
selection gene driven by the CaMV35S promoter
(Dedicova et al., 2015). The 16 transformation events
were evaluated throughout generation advances, and
the most promising one (OVPI-E4) was selected for
the analysis.

Two experiments were carried out to compare GM
rice plants of the OVPI-E4 transformation event with
NGM plants of the same cultivar, under laboratory and
greenhouse conditions, at Embrapa Arroz e Feijdo,
in the municipality of Santo Anténio de Goids, in the
state of Goias, Brazil (16°28'S, 49°17'W, at 779 m of
altitude).

The first experiment was conducted on the SITIS
Automated Plant Phenotyping Platform (Pereira
et al., 2017) between October 2018 and March 2019,
in randomized blocks with four replicates for each
genotype. Seeds belonging to the T4 generation
were sown in PVC columns (40 cm height x 30 cm
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in diameter) filled with soil classified as Latossolo
Vermelho Acrico tipico (Santos et al., 2018), i.e.,
a Rhodic Ferralsol (IUSS Working Group WRB,
2015). The second experiment was carried out in a
greenhouse between October 2019 and March 2020,
in randomized complete blocks with four replicates
for each genotype. In this case, the seeds from the T5
generation were sown in plots consisting of pots filled
with approximately 9.0 kg soil.

In both experiments, irrigation occurred once a day
to replenish 80% of soil field capacity. Using a brush, a
solution consisting of 2.0% of the Liberty glufosinate-
ammonium  herbicide = (BASF, Ludwigshafen,
Germany) with 0.1% Tween-20 was applied to the
adaxial part of the leaves of the GM plants of the T4
generation, in order to certify that all plants were GM.
In addition, flag leaf size was estimated based on
the average length and width of three leaves per plot
during physiological grain maturation. The number of
tillers and panicles was counted in the same period.
The average number of spikelets, the number of sterile
spikelets, and the total number of grains per panicle
were obtained by counting the grains of three panicles
per plant. All spikelets were manually separated and
weighed on a precision digital scale to obtain the total
weight of grains per plant (grain yield). To evaluate
the data from the two experiments, a joint analysis of
variance was performed using the RStudio, v.4.0.2,
software (RStudio Team, 2020), followed by Tukey’s
test, at 5% probability.

In the first experiment, the physiological parameters
were measured in one plant per plot during the following
stages described by Counce et al. (2000): R3, panicle
formation; R6, grain filling; and RS, physiological
maturation with at least one brown grain developed. In
the second experiment, the measurements were taken
in a greater number of stages: R2, flag leaf formation;
R4, flowering; R6, grain filling; R7, beginning of the
physiological maturation of the grains with at least
one yellow grain; and R9, end of the physiological
maturation of the grains with panicles containing the
brownest grains. The LCpro-SD infrared gas analyzer
(ADC BioScientific Ltd., Hoddesdon, United Kingdom)
was used to determine the following physiological
parameters: photosynthetic rate (4), expressed in pmol
m? s!; transpiration rate (E£), in mmol m? s™!; stomatal
conductance (gs), in mol m? s!; and concentration of
internal carbon (Ci), in vpm. The active light photon

flux density used was 1,200 umol [quanta] m?, and
the leaf area was 3.8 cm?. From these data, efficiency
(4/Ci), instantaneous water use efficiency (iWUE)
obtained by A/E (upmol m™), and intrinsic water use
efficiency (WUEintr) calculated by A/gs (umol m™)
were estimated.

For the gene expression analysis, leaf tissue from
GM and NGM plants was collected simultaneously
to obtain physiological data. In the first experiment,
the expression of the OVPI gene was quantified in
the developmental stages in which the leaves were
harvested, i.e., in R3, R6, and R8. In the second
experiment, quantification via RT-qPCR was carried
out in stages R2, R6, and R7. Immediately after
harvested, the leaves were stored in an ultra-freezer
at -80°C and, subsequently, macerated in liquid
nitrogen to a fine powder. From 100 mg tissue, total
RNA was extracted using the RNeasy kit according
to the manufacturer’s instructions (QIAGEN, Hilden,
Germany); the enzyme used for the process was DNase
I (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA). RNA quality was estimated based on the 260/280
and 260/230 ratios provided by the U V-visible NanoVue
Plus spectrophotometer (GE Healthcare, Chicago, IL,
USA). The integrity of total RNA was verified with the
2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA), and quantification was performed using
the Qubit 2.0 Fluorometer (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA). ¢cDNA synthesis
was performed according to the manufacturer’s
instructions using random primers of the GOScript
Reverse Transcription System kit (Promega, Madison,
WI, USA). Amplification reactions (RT-qPCR) were
performed in triplicate using three reference genes:
actin (ACT), GenBank ID X15865 (Zhang et al., 2009);
eukaryotic elongation factor-1a (eEF-1a), GenBank ID
AKO061464 (Zhang et al., 2009); and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), GenBank 1D
AK064960 (Kim et al.,, 2003). The 7500 Real-Time
PCR thermal cycler (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA) was used to
achieve the following thermocycling conditions: 50°C
for 2 min (incubation of uracil-DNA glycosylases),
95°C for 2 min (denaturation), and 40 cycles of 95°C
for 15 s and 60°C for 1 min (annealing), followed by
the dissociation curve starting at 95°C for 15 s and
continuing at 60°C for 1 min, 95°C for 30 s, and 60°C
for 15 s.
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Initial data analysis was performed using the
Sequence Detection System (SDS), v2.05, software
(Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA). After obtaining the SDS
results, the stability value of the reference genes
was determined by the Normfinder software, and
the two most stable genes were used to calculate
relative expression (relative quantification) by the
AACt method of Livak & Schmittgen (2001) through
the DataAssist, v3.01, software (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA). The
control were plants of the BRSMG Curinga cultivar.
The statistical packages used were readxl (Wickham
& Bryan, 2019), lattice (Sarkar, 2008), and agricolae
(Mendiburu & Yaseen, 2020). The physiological
parameters were evaluated by a simple analysis of
variance using packages ExpDes (Ferreira et al., 2014)
and easyanova (Arnhold, 2013).

In the first experiment, the plant that presented
the highest number of spikelets in each genotype was
analyzed in duplicate by transcriptome sequencing
(RNAseq) on the HiSeq 2000 platform (Ilumina Inc.,
San Diego, CA, USA). Three micrograms of total RNA
fromtheleaves collected during the R6 stage were stored
in RNAstable tubes (Sigma Aldrich, Merck & Co. Inc.,
Rahway, NJ, USA) and lyophilized under vacuum.
After obtaining the sequencing data, quality filters
were applied using the Trimmomatic software (Bolger
et al., 2014), and the transcriptome was reassembled
with the Trinity software (Haas et al., 2013). Assembly
quality, called representativeness of the reads, was
evaluated from the alignment of the filtered fragments
in the obtained transcriptome using the Bowtie2
software (Langmead et al.,, 2019). Additionally, to
determine the degree of coverage (completeness) of
the genes, the assembled transcriptome was aligned
to the rice reference transcriptome, Oryza sativa ssp.
Japonica var. Nipponbare of MSU Rice Genome
Annotation Project Release 7 (Kawahara et al., 2013),
using the BLAST tool (Altschul et al., 1990).

Once the quality of the assembly was verified, the
genes were quantified through the joint action of the
RSEM (Li & Dewey, 2011) and Bowtie2 (Langmead et
al., 2019) software, which used the transcriptome itself
as a reference for quantification. Then, the differential
expression analysis was performed with the EdgeR
software (Robinson et al., 2010), which only considered
as significant the differentially expressed genes with
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a p-value for a false discovery rate lower than 0.001
and a fold change higher than 4. The open reading
frames encoding at least 100 amino acid residues were
obtained with the TransDecoder software (Haas, 2023).
Then, the polypeptide sequences were aligned in the
Uniprot database (Uniprot Consortium, 2019) with
the BLASTp tool and used to predict the conserved
domains of the putative proteins present in the Pfam
database (Finn et al., 2014). Data annotation continued
with BLASTx from transcriptome, BLASTp from
protein data, and a new search for conserved protein
domains. Trinotate (Bryant et al., 2017) was used to
develop a database to store all the obtained results and
to determine Gene Ontology (GO) according to Mi et
al. (2019). The differential analysis of the genes and
the Trinity-enriched pathways were performed using
GO. In addition, the MapMan software was used to
visualize the metabolic maps (Usadel et al., 2005),
and a GO plot pipeline from the RStudio software was
used to plot the GO categories (Walter et al., 2015).

Results and Discussion

The joint analysis of the two experiments showed
that the GM plants were superior to the NGM ones due
to a 31% higher number of spikelets per panicle, 21%
higher total number of grains produced per panicle,
and 9.0% longer flag leaf length, indicating that the
rice metabolism was benefited by the increase in the
amount of OVPI transcripts (Table 1).

The higher number of spikelets shows a more
balanced distribution of photoassimilates in this part of
the GM plants, possibly due to the action of H™-PPases
in the phloem, together with H-ATPases and sucrose/

Table 1. Trait values obtained from the joint analysis of
the experiments for rice (Oryza sativa) plants of cultivar
BRSMG Curinga non-genetically modified (NGM) and
genetically modified (GM) with the OVPI gene.

Trait NGM GM  p-value
Tiller number 38.50 36.00 0.41
Panicle number 38.50 36.00 041
Flag leaf width (mm) 1.66 1.75  0.33
Flag leaf length (cm) 25.32 27.86  0.01
Number of spikelets per panicle 174.05  228.21 0.001
Number of sterile spikelets per panicle 39.39 30.29  0.39
Number of total grains per panicle 213.44  258.50 0.004
Grain yield (gram per plant) 91.03 91.85 0.86
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H*, which contributed to increasing sugar transport to
the panicles (Primo et al., 2019; Scholz-Starke et al.,
2019).

Regarding total number of grains, Regmi et al.
(2020) also observed an increase in wheat (Triticum
aestivum L.) plants overexpressing the Arabidopsis
Vacuolar Pyrophosphatase 1 (AVPI) gene, a finding
that may be related to the action of auxin during
panicle formation, i.e., in the R3 stage (Zhang et al.,
2016b). In Arabidopsis thaliana (L.) Heynh. plants
transformed with AVPI, Asaoka et al. (2016) concluded
that H*-PPases can alter auxin displacement by altering
intracellular and extracellular pH, causing several
morphological changes, such as an increased leaf area.

As to flag leaf, according to Lee et al. (2017), a
longer length is interesting for rice plants since this
leaf is the main supplier of photoassimilates to the
panicle and, therefore, plays an important role in grain
yield.

When comparing GM and NGM plants, most
physiological parameters only differed significantly in
the R6 stage (Table 2). During grain filling, GM plants
showed an increase of 61.4% in photosynthetic rate,
a reduction of 23% in internal carbon concentration,
and an increase of 89.6% in carboxylation efficiency.
Other authors also found the highest photosynthetic
rate during grain filling due to the overexpression of
the OVPI gene in A. thaliana (Khadilkar et al., 2016),
rice (Kim et al., 2014), cotton (Gossypium hirsutum
L.) (Pasapula et al., 2011), and sugarcane (Saccharum
officinarum L.) (Raza et al., 2016). However, unlike in
cotton and sugarcane, the overexpression of the OVPI

Table 2. Physiological data during the R6 stage, obtained
from the joint analysis in 2018/2019 and 2019/2020, for
rice (Oryza sativa) plants of cultivar BRSMG Curinga
non-genetically modified (NGM) and genetically modified
(GM) with the OVPI gene.

Physiological parameter" NGM GM p-value
Photosynthetic rate (4) 8.15 13.15 0.002
Concentration of internal carbon (Ci)  315.71 256.76 0.001
Carboxylation efficiency (4/Ci) 0.029 0.055 0.003
Stomatal conductance (gs) 0.182 0.178 0.822
Transpiration rate (E) 3.18 3.11 0.802
iWUE (4/E) 2.59 3.88 0.001
WUEIintr (4/gs) 41.53 73.15 0.001

MiWUE, instantaneous water use efficiency; and WUEintr, intrinsic
water use efficiency.

gene in the GM rice plants evaluated in the present
study did not show significant changes in stomatal
conductance and transpiration rate.

GM plants also presented an increase of 49.8 and
76.1% in iWUE and WUEintr, even under normal
irrigation conditions (Table 2). This is an indicative
that they may be more suitable for shorter critical
periods regarding water availability, such as in the
reproductive stage.

Therefore, the relative expression of the OVPI
gene was evaluated during the reproductive stage
of GM rice, considering that the manipulation of
specific genes can contribute to obtaining cultivars
with a greater yield potential, even though this trait
is quantitative. However, as the used promoter is
constitutive, GM plants were able to regulate OVPI
and to only overexpress it during the R6 stage in the
first experiment, a result that was confirmed by qPCR
(Figure 1). Furthermore, due to the expression of the
OVPI gene in GM plants, there was only a positive
correlation with the photosynthetic rate (r>=0.96;
p<0.05) and carboxylation efficiency (r*=0.99; p<0.05)
measured in the R6 stage in the first experiment. In the

Relative expression

R3 R6 RS
| -&-NGM -@-GM |

Figure 1. Relative expression of the OVPI gene in
genetically-modified (GM) rice (Oryza sativa) plants of
cultivar BRSMG Curinga compared with non-genetically
modified (NGM) plants in 2018/2019. Equal lowercase
letters do not differ between genotypes, and equal uppercase
letters do not differ between developmental stages by
Tukey’s test, at 5% probability (n=4).
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second, there was no significant difference between
both genotypes regarding any of the analyzed stages.

From the RNAseq analysis of the GM and NGM
plants from the first experiment, the transcriptome
sequencing of the four libraries generated from 41.94
to 82.62 million reads. On average, 93.8% of the
sequenced bases had a Phred-value greater than 30
(Q30), whereas the contigs obtained had an average of
1,199.89 bases, with a N50 of 2,370 bases.

As to representativeness, the libraries presented
more than 99% of the readings aligned in the
transcriptome, indicating the high quality of the
assembly. Moreover, the completeness analysis showed
that 74% of the genes had more than a 50% coverage.
In total, 126 differentially-expressed genes between
the two genotypes were identified, of which 51 were
upregulated and 75 were downregulated in the OVPI
event. Among the upregulated genes that may be related
to the overexpression of OVPI, ion transporters and
those involved in the photochemical and biochemical
stage of photosynthesis were identified. Finally,
genes related to plant development and defense were
highlighted, such as transcription factors and those

belonging to metabolic routes of auxins and flavonoids
(Table 3).

Most genes that were downregulated in GM
plants were encoding transcription factors (LOC_
0s01g70270.4 and LOC_0s02g04810.1) and proteins
acting in signal transduction pathways (Table 4). The
majority of the GO hierarchical biological categories
enriched in GM plants belong to the classification of
biological processes, followed by the classification
of molecular function and cellular components.
Among these categories, there are those involved in
homeostasis and in the transport of ions, such as zinc,
iron, and manganese, across membranes.

Among the genes that were upregulated in GM
plants, those involved in the photochemical (LOC
0s08g40160.1) and biochemical (LOC_0Os06g04270.1)
stages, in the transport of cations (LOC_0s05g39540.1)
and proteins (LOC_0s09g28610.1), and in the transport
of toxic compounds through the efflux protein (LOC _
0s08g37432.2) of the MATE family were identified
(Table 3). Considering transcription factors and genes
that encode proteins that act in signal transduction
pathways and that had their expression upregulated

Table 3. Differentially expressed genes upregulated in rice (Oryza sativa) plants of cultivar BRSMG Curinga genetically
modified (GM) with the OVP1 gene, compared with non-genetically modified (NGM) plants.

Related function Gene ID Description” log, (fold change)®
. LOC_0s06g04270.1 Transketolase, chloroplast precursor 11.29
Photosynthesis . .
LOC_0s08g40160.1 Thylakoid lumen protein, chloroplast precursor 11.98
Carbon metabolism LOC 0Os01gl11054.2 Phosphoenolpyruvate carboxylase 11.43
LOC _0s06g43660.1 Inorganic H* pyrophosphatase 3.41
LOC_0s05g39540.1 Metal cation transporter 10.43
Transporters LOC_0s07g34006.1 Transporter family protein 10.44
LOC_0s09g28610.1 Transporter family protein 10.41
LOC 0s08g37432.2 MATE efflux family protein 11.62
. LOC_0s09g07450.1 Flavonol synthase 10.41
Flavonoids
LOC 0Os10g41020.1 Flavonol synthase/flavanone 3-hydroxylase 11.66
LOC 0s02g43750.1 Transcription initiation factor 10.54
LOC _0s03g47200.1 bZIP transcription factor domain 11.80
LOC _0s01g59850.1 GTPase-activating protein 11.98
LOC_0s03g29250.1 SPX domain-containing protein 11.55
e LOC_0s09g17190.1 OsFBX320 domain-containing protein 12.85
Transcription factors and . .. .
. . LOC_0s08g09720.1 OsFBX272 domain-containing protein 10.90
signal transduction pathways LOC_0s05g05320.2 PPR repeat domain-containing protein 12.30
LOC_0s03g09170.1 Ethylene-responsive transcription factor 2.52
LOC 0s01g68160.3 Z0S1-22 — C,H, zinc finger protein 2.04
LOC _0s01g49830.1 B3 DNA binding domain 10.53
LOC 0Os05g16740.1 Receptor-like kinase 10.48

MAccording to MSU Rice Genome Annotation Project Release 7 (Kawahara et al., 2013). ®log, values show the increase of the expression of transcripts

in GM plants due to the OVPI gene, in comparison with NGM plants.
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in the OVPI event, the transcription factor of the
bZIP family (LOC_0s02g43750.1) and a protein with
SPX domain (LOC 0s03g29250.1) were identified.
According to the differential expression analysis, the
OVPI (LOC _0Os06g43660) gene was upregulated in
GM plants with a fold change value (log2) equal to
3.41.

The LOC 0s08g40160.1 gene, which was
upregulated in GM plants, is responsible for encoding
a structural protein of the PsbP family, a component of
photosystem II (PSII) (Quero et al., 2021). This protein
is involved in the oxidation of the water molecule
carried out by PSII, which has the function of removing
electrons from the water initiating electron transport
(Mentewab et al., 2014). The ortholog of LOC
0s08g40160.1 was downregulated with a low growth
rate in A. thaliana (AT1G76450 gene) mutant plants
(Zhang et al., 2016a) and with a reduced photosynthetic
rate in maize (Zea mays L.) plants under water deficit
(Zhang et al., 2018). These examples indicate that
the PsbP protein plays an essential role in carrying
out photosynthesis and, consequently, in the normal
development of plants. The LOC_0s06g04270.1 gene,

which was also upregulated in GM plants, encodes
a transketolase that acts in the regeneration stage of
the Calvin-Benson cycle, in two steps: production
of erythrose-4P from fructose-6P and of xylulose-
5P from sedoheptulose-7P (Rocha et al., 2014). This
route may be related to the greater carboxylation
efficiency of GM plants, which did not show a high
stomatal conductance, but probably had a greater
amount of regenerated ribulose-1,5 bisphosphate
available for CO, fixation. The ortholog of this gene
(Sb06g004280), together with others of the Calvin-
Benson cycle, was upregulated in sorghum [Sorghum
bicolor (L.) Moench] plants that accumulated sugars
during saline stress (Sui et al., 2015), showing the
importance of transketolase for the production and
accumulation of carbohydrates. Therefore, it is likely
that the induction of the two genes that participate
directly in photosynthesis, together with the increase
in the photosynthetic rate, contributed to the higher
number of spikelets in GM rice plants. However,
despite this higher number of spikelets, the grain yield
of GM plants was not significantly higher than that of
the NGM ones.

Table 4. Differentially expressed genes downregulated in rice (Oryza sativa) plants of cultivar BRSMG Curinga genetically
modified (GM) with the OVPI gene, compared with non-genetically modified (NGM) plants.

Related function Gene ID Description” log, (fold change)®
LOC _0s01g49529.4 OsWAK10d — OsWAK receptor-like cytoplasmic kinase 12.09
LOC_0s02g58520.1 CAMK - calcium/calmodulin-dependent protein kinase 11.14
LOC_0s08g37800.1 CAMK KIN1/SNF1/Nim1_like. AMPKh.4 10.70
LOC _0s01g73530.1 ABC transporter, ATP-binding protein 11.86
LOC_0s02g46970.1 AMP-binding domain-containing protein 4.71
LOC_0s10g40780.3 CCR4-Not complex component, Notldomain- containing protein 11.32

Transcription factors and LOC_0s12g06340.3 BEL1-like homeodomain transcription factor 11.07

signal transduction pathways LOC _0s01g51300.2 WD domain, G-beta repeat domain-containing protein 11.03
LOC 0s05g25430.1 Receptor-like protein kinase At3g46290 precursor 10.85
LOC 0s03g19870.1 ATP-binding protein 11.88
LOC_0s01g72330.1 OsRR4 type-A response regulator 2.45
LOC 0s02g35180.1 OsRR2 type-A response regulator 2.82
LOC_0s02g45600.1 rhoGAP domain-containing protein 11.00
LOC 0s07g12590.1 OsFBX225 — F-box domain-containing protein 11.33
LOC 0s01g70270.4 Auxin response factor 11.74

Auxin LOC_0s02g04810.1 Auxin response factor 5 11.83
LOC_0s09g29940.2 Auxin-independent growth promoter protein 10.95
LOC _0s05g29930.1 Late embryogenesis abundant protein 12.32

Senescence-induced receptor-like serine/threonine-protein kinase
Development LOC_0s12g01200.3 11.95
precursor

LOC_0s09g25490.1 CESA9 — cellulose synthase 8.39

MAccording to MSU Rice Genome Annotation Project Release 7 (Kawahara et al., 2013). ®log, values show the increase of the expression of transcripts
in GM plants due to the OVPI gene, in comparison with NGM plants.
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Huang et al. (2011) highlighted that the number of
spikelets is one of the components of rice yield that
also depends on the number of panicles per area. For
this reason, further studies are necessary to evaluate
GM and NGM plants in the field, since no significant
differences were observed for number of panicles
under greenhouse conditions in the present study. If an
increase in yield is identified, it will pave the way for
the development of superior rice cultivars.

Conclusions

1. The overexpression of the Oryza sativa Vacuolar
H™-Pyrophosphatase 1 (OVPI) gene favors the
upregulation of some photosynthesis genes and
the increase in the number of spikelets and in the
photosynthetic rate of genetically modified (GM) rice
(Oryza sativa) plants.

2. The overexpression of the OVPI gene in GM rice
plants does not favor the increase in grain yield when
compared with non-genetically modified plants.
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