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Abstract

A single transcription factor is known to coordinate expression of a set of metabolites in a biochemical pathways; its use therefore
can be a functional strategy in generating plants with desired traits. 7riticum aestivum Dofl (TaDofl) transcription factor is
mainly associated with improved nitrogen assimilation in plants. In the current research, the transgenic wheat overexpressing
TaDof1 transcription factor, under a constitutive promoter, was developed by Agrobacterium-mediated transformation. The two
elite wheat cultivars (Galaxy and Faisalabad-2008) were selected for transformation study. The T, plants were subjected to
screening using selection medium containing herbicide BASTA. PCR results confirmed that only 8 out of 31 plants possessed the
complete TauDof1 cassette. A transformation efficiency of 0.46% for Galaxy and 0.08% for Faisalaad-2008 was obtained. The
quantitative RT-PCR was performed on T; plants grown under nitrogen-limiting conditions. A substantial rise in the expression
of citrate synthase (CS), isocitrate dehydrogenase (ICDH), phosphoenolpyruvate carboxylase (PEPC), and pyruvate kinase (PK)
genes regulated by TaDofI was observed after 4 weeks of nitrogen stress in T plants. The maximum fold increase of 464 was
recorded for ICDH. Our findings indicate a cooperative modification of nitrogen and carbon metabolisms since they are
intimately linked together. Overexpression of 7aDofl in wheat resulted in a significant increase in various agronomic traits.
Furthermore, various physiological and biochemical markers (chlorophyll, protein, and soluble sugar contents) exhibited a
profound change in 7aDofl transgenic plants in comparison with wild type plants. The results clearly depict the merits of
employing transcription factors in engineering plant metabolisms.

Keywords Triticum aestivum L. - TaDofl transcription factor - Nitrogen use efficiency - Wheat transformation - Quantitative
RT-PCR

Introduction

Nitrogen is a crucial macronutrient needed by the plants for
their growth (Kumar et al. 2009). Plants need nitrogen in order
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to synthesize chlorophyll, amino acids, proteins, lipids,
nucleic acids, and other metabolites (Liu et al. 2018). A large
amount of nitrogen fertilizer is used to increase crop yield
(Nosengo 2003). In the last 4 decades, the amount of
nitrogen-containing fertilizers applied to crops has consistent-
ly increased (12 Tg/year to 104 Tg/year) resulting in better
crop yield but with adverse effects on the environment
(Mulvaney et al. 2009). According to an estimate only 40%
of'the applied nitrogen is available to the plant under optimum
agronomic conditions, the rest is volatilized, denitrified, or
immobilized in case of alkaline soils (Liu et al. 2014).
Moreover, nitrogen fertilizers severely pollute the environ-
ment, especially the aquatic ecosystem (Nosengo 2003). The
adverse effects of nitrogen in the environment include algal
blooms (Vitousek et al. 2009; Wuebbles 2009), stratospheric
ozone depletion, and global warming (Coruzzi and Zhou
2001). The increasing nitrogen fertilizer cost has resulted in
demand for more nitrogen use efficient crops, i.e., crops that
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are better able to uptake, assimilate, and remobilize the nitro-
gen available to them without adding much fertilizer in the
soil. In order to improve nitrogenous fertilizer use efficiency
in crops, biotechnological methods hold a great promise for
developing genetically engineered crops altered to enhance
the desired agronomic traits (Sparks and Jones 2014).

Nitrogen and carbon assimilation utilizes dozens of differ-
ent proteins and their coordinated expression within the roots
and the entire plant vascular system. Often, changing the ex-
pression of a single gene in the nitrogen assimilation pathway
does not significantly impact nitrogen use efficiency.
Overproduction of glutamine synthetase (GS) in shoots of
transgenic Lotus corniculatus L. (Vincent et al. 1997) and
asparagine synthase in genetically modified tobacco (Brears
et al. 1993) resulted in changes in ammonium assimilation in
plants but did not increase the amino acid biosynthesis re-
quired for nitrogen utilization. Nitrogen assimilation, in addi-
tion to requiring inorganic nitrogen, also needs a carbon skel-
eton (2-oxoglutarate; 2-OG). The carbon compound, 2-OG, is
the product of a series of reactions from photo-assimilated
carbohydrates (Yanagisawa et al. 2004). The amounts of car-
bon and nitrogen-containing compounds mutually affect each
other, suggesting an intimate link between carbon and nitro-
gen metabolisms (Stitt 1999; Coruzzi and Zhou 2001). Thus,
manipulation of both carbon and nitrogen skeletons might be a
functional strategy to enhance nitrogen utilization in plants
(Yanagisawa and Sheen 1998; Kurai et al. 2011).

A single transcription factor may regulate several genes in a
metabolic pathway; therefore, it is possible to modulate mul-
tiple gene expression using transcription factors (Yanagisawa
et al. 2004). Overexpression of WRKY transcription factor
from wheat in tobacco conferred resistance to various abiotic
stresses (Wang et al. 2013a, b). In transgenic Arabidopsis,
wheat MYB transcription factor (TaMYB56-B) induced resis-
tance to freezing and salt stress (Yu et al. 2017). Furthermore,
the genetically modified wheat overproducing TIMYB2R-1
developed tolerance against take-all disease which is the most
destructive root disease of wheat (Liu et al. 2013). Similarly,
TiERF ltranscription factor conferred resistance in transgenic
wheat lines against sharp eyespot (Chen et al. 2008).

Dof (DNA binding with one finger) proteins are members
of a family of transcription factors that are plant-specific
(Kang et al. 2016). Dof proteins are found in both dicots and
monocots (Yanagisawa 2002) and induce multiple genes ex-
pression associated with organic acid metabolism
(Yanagisawa et al. 2004). The unique members of Dof tran-
scription gene family known as DofT act like master regulators
by concurrently regulating the genes associated with nitrogen
and carbon metabolism (Yanagisawa et al. 2004; Kurai et al.
2011). Dof1 proteins recognize a sequence of 5'-AAAG-3' in
the promoter regions of genes (Yanagisawa and Sheen 1998).
The expression of various genes involved in carbon and nitro-
gen skeleton production was upregulated in Arabidopsis
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(Yanagisawa et al. 2004) and rice (Kurai et al. 2011) express-
ing DofI. The genes including phosphoenolpyruvate carbox-
ylase (PEPC), pyruvate kinase (PK), citrate synthase (CS),
and isocitrate dehydrogenase (ICDH) were triggered by
DofI in the transgenic lines of Arabidopsis. In maize, Dof1
enhanced the C4 phosphoenol pyruvate carboxylase (PEPC)
activity by interacting with it that led to a light-regulated ex-
pression pattern according to DofI activity (Yanagisawa
2000).

Under nitrogen-limiting conditions, Dof1 plants exhibited a
substantial rise in rate of photosynthesis, root biomass, and
root nitrogen content (Rueda-Lopez et al. 2017; Pena et al.
2017). It has been observed that Triticum aestivum Dofl
(TaDof1) transcription factor is mainly associated with im-
proved nitrogen assimilation in plants (Kumar et al. 2009).

Wheat (Triticum aestivum L.) is playing an essential role
in fulfilling the nutritional needs of human diet (Contardo-
Jara et al. 2018). It is grown in almost 100 countries across
the globe including Pakistan. Wheat provides 19% of hu-
man calories and is cultivated in approximately 17% of the
world’s cultivatable area (over 200 million hectares) (Jones
et al. 2005; Atchison et al. 2010). In order to meet the
increasing need of the crop on yearly basis, wheat produc-
tion should be raised to an annual rate of 2% (Sparks et al.
2014). In order to make the wheat production sustainable,
it is important to reduce the cost of production by increas-
ing fertilizer use efficiency. Hence, one route to increase
wheat yield via improvement in nitrogen use efficiency is
to engineer nitrogen assimilation pathway by using bio-
technological approaches.

The present study was aimed to transform 7aDof! tran-
scription factor in two elite wheat cultivars to develop trans-
genic wheat lines with enhanced nitrogen and carbon assimi-
lation under nitrogen-limiting conditions. Previous studies re-
vealed that Dof1 expression induced under nitrogen-deficient
conditions plays a role in regulating nitrogen and carbon me-
tabolisms in different species like Arabidopsis, maize, and rice
(Kurai et al. 2011; Wang et al. 2013a, b; Pena et al. 2017).
However, the role of wheat DofI (TaDof1) with respect to
nitrogen stress has not been studied. The current investigation
included the expression analysis of 7uDofI and the genes
directly regulated by TaDofI in transgenic lines.
Chlorophyll, total protein, and soluble sugar contents were
also estimated in genetically modified wheat lines.

Materials and Methods
Plant Material
Two elite wheat cultivars (Galaxy and FSD-2008) were select-

ed based on their characteristic features like high yield poten-
tial, disease resistance, and stress tolerance. Seeds were
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obtained from Wheat Research Institute (WRI), Ayub
Agricultural Research Institute (AARI), Faisalabad,
Pakistan. The seeds were sown on the agricultural fields avail-
able on the campus. These were sown at different times so that
immature embryos for transformation were available for a
longer period.

Vector Construction and Transformation in Bacterial
Strains

The plant expression vector pSB219 was obtained from
Leibniz Institute of Plant Genetics and Crop Plant Research,
Germany, and was maintained in DH10«x strain of
Escherichia coli. The TaDofl construct was developed in
pSB219 in the multiple cloning site (MCS) region between
left and right T-DNA borders. The TaDofI cassette was
cotransformed with pAL154 in AGLI strain of
Agrobacterium tumefaciens having C58 chromosome back-
ground. The pAL154 is involved in providing replication
function in trans to pSB219. Moreover, it has a 15 kb
Komari fragment with additional virulence genes (virB,
virC, and virG542) for efficient plant transformation (Wu
et al. 2008). A. tumefaciens and the pAL 154 were kindly
provided by Ms. Caroline Sparks, Rothamsted Research,
UK. A. tumefaciens harboring the complete 7aDof1 construct
was used for wheat transformation.

Retrieval of Gene, Promoter, and Terminator
Sequences

The TaDofI gene consists of 876 bp encoding 291 amino
acids. Its nucleotide sequence was retrieved from GenBank
with accession number AY955493.2. The gene was got syn-
thesized from Operon Technologies, USA, after adding appro-
priate restriction sites upstream and downstream of the start
and stop codons of the gene. For promoter and terminator
amplification, already available vectors were used.
CaMV35S promoter with accession number KT600155.1
contains 433 bp and Nos terminator with accession number
LC375953.1 contains 261 bp (Fig. S1). The TauDof1 cassette
was cloned in the vector using restriction enzymes Hindlll,

T border

W
<€

Maize ubiquitin promoter bar gene 35S

Ascl, Eco811, and Sdal that were present in the MCS of the
vector. The promoter-gene-terminator cassette of the vector
pSB219 is depicted in Fig. 1.

Wheat Transformation

A complete gene construct in pSB219 having synthetic
TaDofl gene and bar gene as a selectable marker were sub-
jected to wheat transformation. Immature seeds of wheat va-
rieties (FSD-2008 and Galaxy) were collected at 15 days
postanthesis (DPA). The immature embryos were dissected
aseptically from seeds and placed on callus induction medium
(CIM) containing 2,4-dichlorophenoxyacetic acid (2,4-D) for
callus formation. The embryogenic calli were selected and
used for Agrobacterium-mediated transformation of wheat
following the protocol of Jones et al. (2005) with slight mod-
ifications. The putative transgenic plants were initially
screened by shifting them on regeneration (MSK) medium
supplemented with kinetin hormone (1 mg/L), timentin
(160 mg/L) and herbicide BASTA (2 mg/L) for 2 weeks
followed by another round of selection with 3 mg/L of
BASTA in MSK medium for another 2 weeks (Abid et al.
2014). The putative transgenic T, plants were shifted in pots
having peat moss, perlite, and vermiculite in 2:1:1 ratio re-
spectively in climate control room where temperature was
maintained at £25 °C. During winter season, the T, plants
were grown in sand in a controlled environment at +25 °C.

Confirmation of Transgenic Plants by PCR and BASTA
Leaf Paint Assay

CTAB method was used to isolate total genomic DNA from
Ty plants (Murray and Thompson 1980). Conventional PCR
was run to confirm the insertion of complete 7aDofI cassette
using the promoter-cds and cds-terminator junction primers
(Table 1). PCR was run with a negative and a positive control
in which total genomic DNA extracted from control plants
was taken as a negative control while 7aDofI vector construct
was used as a positive control. The T, seeds were collected
and sown in sand to obtain T; plants. The T, plants were
screened by applying BASTA leaf paint assay. At the five-

Hindlll Ascl  EcoRV Sdal MCS

Eco81l

T border

CaMV35S TaDof1

Fig. 1 Schematic representation of pSB219 expression vector T-DNA
region with 7aDof1 cassette under Nos terminator and selection marker

cassette under t35S terminator. The specific restriction sites are represent-
ed by the enzyme names
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Table 1 Gene junction primer

sequences used in study Primer name

Primer sequence Application/notes

PG F1 junc
PG R1 junc
GT F2 junc
GT R2 junc

5-GACGTAAGGGATGACGCACA-3
5-ACTTGGTGTTGGTGGACTCG-3'
5-ATGACGAACTACCCCTTCGC-3'
5"-TAATCATCGCAAGACCGGCA-3'

Amplification of promoter-gene junction region

Amplification of gene-terminator junction region

leaf plant stage, resistance on the basis of bar gene expression
was examined by painting BASTA solution (0.005%) to a
specified part on the second or third plantlet leaf. The resis-
tance to herbicide was recorded after 14 days of BASTA leaf
paint.

Nitrogen Stress

In order to remove all the nutrients, plants were subjected to
leaching after 14 days of germination by maintaining an opti-
mal leaching fraction (17%) (Qiu et al. 2017). After leaching
of nutrients, the T plants were given nitrogen stress by pro-
viding a modified Hoagland nutrient solution (Hoagland and
Armmon 1950). In modified Hoagland solution, inorganic nitro-
gen concentration was reduced from 10 mM in full strength
solution to 5 mM. The modified Hoagland solution was given
to plants after every 1 week.

Expression Analysis

Expression analysis of 7aDof1 and the genes regulated by
TaDofl was done by extracting RNA at two different stages
of nitrogen stress, i.e., after 2 weeks of stress and after 4 weeks
of stress. Total RNA was isolated from leaves of transgenic
wheat plants using Invitrogen Plant RNA Purification
Reagent (Cat#12322-012) following the manufacturer’s pro-
tocol. Reverse transcription of total RNA (1.2 pg) was done
with oligo-dT primers using RevertAidTM H minus first-
strand cDNA synthesis kit (Thermo Scientific, USA) as per
manufacturer’s instructions. To determine the expression of
TaDof1 and other genes in the wild type and transgenic plants,
RT-PCR was performed followed by quantitative RT-PCR. As
an internal control, actin gene was used for template equaliza-
tion. TaDofF and TaDofR were used for 7aDofI amplification
and ActWhtF and ActWhtR primers (Abid et al. 2017) were
used for actin amplification. For quantifying the expression of
citrate synthase (CS), isocitrate dehydrogenase (ICDH), phos-
phoenolpyruvate carboxylase (PEPC), and pyruvate kinase
(PK), CSF and CSR, ICDHF and ICDHR, PEPCF and
PEPCR, and PKF and PKR primer pairs were used (Table 2).

Morphological Analysis

Various agronomic traits of T, plants were observed after
4 weeks of nitrogen stress. Among morphological characters,
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plant height (cm), spike length (cm), number of spikes plant ",
number of grains spike ', and grain weight (g) were observed.

Physiological and Biochemical Analysis
Estimation of Chlorophyll Content

Arnon (1949) method was employed to estimate the chloro-
phyll content in leaf samples. Fresh leaf samples were
weighed (0.2 g) and ground with 10 ml of 80% acetone
followed by centrifugation of the extract at 2500 rpm for
10 min. After transferring the supernatant to test tubes, the
volume was raised to 10 ml with 80% acetone. Absorbance
was recorded at 645 nm and 663 nm. Chlorophyll contents
(chlorophyll a, b and total chlorophyll) were measured as fol-
lows:

Chlorophyll a (mg/g fresh weight)

= 12.7 (OD 663)—2.69(0D 645) x W x V = 1000
Chlorophyll b (mg/g fresh weight)

=22.9 (OD 645)—4.68 (OD 663) x W x V <+ 1000
Total chlorophyll (mg/g fresh weight)

=20.2 (OD 645)—8.02 (OD 663) x W x V + 1000

Table2  Primers sequences used for quantitative RT-PCR for determin-
ing gene expression

Primer name Primer sequence

TaDofF 5"-CATGCAAGACTTCCAGTCCA-3'
TaDofR 5-GGCTGCGACAGGTTGTAGTT-3'
CSF 5-CGAGGTTGCTGTTGCTTTGG-3’
CSR 5-ACGCCCGTGTATACCTGTTG-3'
ICDHF 5-TTCTACACCGCGATGCAACT-3'
ICDHR 5-AGCATGCCTTCCAATGCAGA-3'
PEPCF 5"-CTGCCCGGTGACAATTTTGG-3’
PEPCR 5-TGCATCCTTGCCTGAGTCTG-3'

PKF 5-AGGGCTACTCTGATCGTCGT-3'
PKR 5-AGGATCTCCTCCGTCGACTC-3’




Plant Mol Biol Rep (2020) 38:441-451

445

Estimation of Soluble Proteins

Bradford method (Bradford 1976) was used for determining
protein concentration with slight modifications. For this pur-
pose, phosphate buffer solution was used to homogenize 0.2 g
of fresh leaf material. The centrifugation of the leaf extract
was done at 5000 rpm for 10 min. The supernatant was treated
with Coomassie blue reagent. After 5 min of incubation, the
absorbance of samples was read at 595 nm. Protein content in
the leaf samples was determined using BSA as a standard.

Estimation of Soluble Sugars

Malik and Srivastava (1982) method was used for the estima-
tion of soluble sugar contents. The dry leaf material was
ground in 2 ml of 80% acetone and incubated in a shaking
incubator overnight. The centrifugation of the extract was
done at 2900g. The supernatant was transferred to collection
tubes and treated with 5 ml of anthrone reagent. Total soluble
sugars were determined by taking absorbance at 625 nm with
D-glucose as a standard:

Total soluble sugars

_ Concentration of glucose standard solution X Absorbance of sample

Absorbance of glucose standard solution

Statistical Analysis

ANOVA in SPSS version 17.0 was used for data analyses and
means were analyzed following the Dunnett test. In the
Dunnett test, general linear model was used to compare trans-
genic lines with control plants where F ratios were significant,
i.e., p<0.05. For each sample, three independent replicates
were included in the analysis.

1kb

500bp
250%p

1kb

500bp
250bp

Fig. 2 PCR results using gene junction primers. a PCR results using
primers PGFIR1. M, 1 kb Ladder. Lane 1, +ve control. Lane 3—13
PCR, amplified product. Lane 14, negative control. b PCR results using

Results
Analysis of TaDof1 Cassette in pSB219

In the construct, the 7aDof] gene cassette comprised of
1602 bp. The cassette included CaMV35 promoter, synthetic
TaDofl gene with the stop codon, and a Nos terminator cloned
downstream to the TaDof1 gene (Fig. 1, Fig. S1). The integra-
tion of complete TuDof1 cassette in pSB219 was confirmed by
restriction analysis followed by DNA sequencing analysis.

Agrobacterium-Mediated Wheat Transformation
and Plant Screening

For Agrobacterium-mediated transformation, around 1499
calli of Galaxy and 1200 of FSD-2008 were inoculated with
A. tumefaciens harboring the TaDof1 construct. A total of only
125 plants could be regenerated and shifted to selection me-
dium (3 mg/L of BASTA). In selection medium, 31 putative
transgenic plants (24 from Galaxy and 7 from FSD-2008)
survived. PCR analysis using two sets of gene junction
primers was performed to confirm the integration of 7aDof1
cassette in pSB219. PCR results indicated that the complete
transgene cassette was integrated in only 8 out of 31 plants
while the remaining possessed truncated cassette (Fig. 2). Out
of 8 transgenic plants, 7 were of Galaxy while 1 plant was of
FSD-2008. The transformation efficiency was calculated for
both the varieties and was found to be 0.46% for Galaxy and
0.08% for FSD-2008. After obtaining T, plants, BASTA leaf
paint test was performed on wild type and control plants.
Fourteen days after BASTA application, leaflets of transgenic
lines displayed resistance to BASTA, while complete necrosis
was examined in leaflets of non-transformed and wild type
plants. The T, lines representing six different transgenic
events were selected for further analysis.

425bp

primers GTF2R2. M, 1 kb ladder. Lane 1, +ve control. Lane 3—13, PCR
amplified product. Lane 14, negative control
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Transgene Analysis on T, Plants

To induce the expression of 7aDof], six selected T; wheat
lines were subjected to nitrogen stress. The selected T, lines
representing six different transgenic events included F1, G1,
G2, G3, G4, and GS.

Quantitative RT-PCR Analysis

The Dof1-binding sites are known to be found in the promoter
regions of genes associated with carbon and nitrogen metab-
olism (Yanagisawa and Schmidt 1999); therefore, the quanti-
tative RT-PCR was performed to determine the expression
profiles of 7TuDof1 and the genes regulated by TaDofl, i.e.,
CS, ICDH, PEPC, and PK. In order to investigate the temporal
effect of nitrogen stress treatment on the expression of 7aDof1
and the genes regulated by 7aDof1, quantitative RT-PCR was
performed after 2 weeks of nitrogen stress and after 4 weeks of
stress. The controls (FC and GC) were taken as a reference to
measure the relative fold increase in gene expression in trans-
genic lines under nitrogen-deficient conditions.

After 2 weeks of stress, the 7TaDof] plants exhibited an
upregulation of TuDof1 expression with transgenic FSD-
2008 (F1) exhibiting 5-fold rise in gene expression as com-
pared with control plant. In transgenic lines of Galaxy (Gl1,
G2, G3, G4, and G5), increase in gene expression ranged from
0.70- to 116-fold. However, G3 represented the minimum fold
(0.70) increase while G1 showed the maximum fold increase
(116) in TaDof1 expression (Fig. 3a). Among different trans-
genic lines, only a few showed upregulation of the genes
affected by TaDofI. The expression levels of CS, ICDH,
PEPC, and PK genes ranged from 0.33- to 0.80-fold for F1
and 0.33- to 17-fold for transgenic lines of Galaxy (Fig. 3b-¢).
However, the expression of 7TaDofI and other genes was co-
ordinately activated in all the transgenic plants after 4 weeks
of stress. The elevation in 7aDofI expression level was 106
fold in F1 while it ranged from 3 to 36 fold in transgenic
Galaxy lines. The minimum rise in 7aDofl was found in G1
(3-fold) while the maximum increase of 36-fold was observed
in G4 (Fig. 3a). Similarly, an enhanced expression of CS,
ICDH, PEPC, and PK genes was observed in transgenic lines
in comparison with wild type plants. For all the genes regu-
lated by TaDof1, the elevated expression profiles ranged from
0.4- to 88-fold for F1 and 0.35-464 for transgenic lines of
Galaxy (Fig. 3b-e). After 4 weeks of stress, the maximum fold
increase of 464 was found for ICDH gene. Furthermore, the
transgenic wheat lines F1, G1, G2, G4, and G5 showed con-
sistency in enhanced expression of all the genes regulated by
TaDof1 while G3 exhibited an inconsistent response. The in-
consistency may be due to the fact that 7aDofI was not
overexpressed in G3 and in turn could not induce the expres-
sion of its target genes.
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Analysis on Agronomic Traits

Various morphological parameters recorded in transgenic and
wild type plants after 4 weeks of nitrogen stress are given in
Table 3. Means separations were done independently for FC
vs F1 and GC vs G1-G5. A remarkable increase in all the
traits was observed in the 7aDofI lines in comparison with
control plants. A significantly increased height of 64 cm was
exhibited by F1 than non-transgenic FSD-2008 (FC) (55 cm).
Among transgenic Galaxy lines, the maximum height (65 cm)
was shown by G4. Likewise, considerably increased values,
i.e., 3 spikes plant ' and 11 cm of spike length were observed
by F1 than FC having 2 spikes plant ' and 9.5 cm of spike
length. The transgenic line G4 exhibited the maximum values
(4 spikes plant ' and 11 cm of spike length) among all the
transgenic lines of Galaxy while non-transgenic Galaxy (GC)
had 2 spikes plant™' and 8 cm of spike length. The similar
findings were observed for number of grains spike ' and grain
weight where as compared with FC with 15 grains spike ' and
0.39 g of seed weight F1 possessed 27 number of grains
spike ' and 0.65 g of seed weight. Among transgenic plants
of Galaxy, G4 excelled with 35 grains spike ' and 0.67 g of
seed weight as compared with GC (14 grains spike ' and
0.31 g of seed weight). Nevertheless, an insignificant incre-
ment in the values was displayed by G3 for all the characters
except for seed weight (Table 3).

Effect of TaDof1 Expression on Physiological
and Biochemical Parameters

The levels of various physiological and biochemical markers
for nitrogen utilization were measured in order to obtain mo-
lecular evidence for enhanced growth and nitrogen assimila-
tion in the 7aDofl transgenic plants. Chlorophyll, protein, and
soluble sugar contents were measured in the leaves of 4-week
old plants grown under low-nitrogen conditions. Significant
differences were observed for physiological and biochemical
parameters between control and transgenic wheat lines (T). In
comparison with control plants, a substantial increment in
chlorophyll a, b and total chlorophyll contents was observed
in all the TaDof1 transgenic plants under low-nitrogen condi-
tions (Fig. 4a). In G4, the maximum increase of 31 mg g 'FW,
40 mg g 'FW, and 35 mg g 'FW respectively was found in
comparison with wild type plants with 4 mg g 'FW,
6 mg g 'FW, and 5 mg g 'FW of chlorophyll a, b and total
chlorophyll contents respectively. For soluble protein content,
remarkably increased values were exhibited by 4 out of 6 T}
lines with G4 possessing the highest value of 12 mg g '"FW as
compared with control plant (7 mg g 'FW) (Fig. 4b).
Similarly, all the T, lines showed a significant rise in soluble
sugar content with G1 exhibiting the maximum rise of
9.9 mg g 'FW in comparison with control plant
(4.9 mg g 'FW) (Fig. 4c).
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Fig. 3 Expression analysis of various genes in transgenic (F1, G1, G2,
G3, G4, G5) and control (FC and GC) wheat plants a 7. aestivum Dofl
(TaDofl1), b citrate synthase (CS), ¢ isocitrate dehydrogenase (ICDH), d
phosphoenolpyruvate carboxylase (PEPC), and e pyruvate kinase (PK) of
TaDof1 wheat lines and wild type control plants after 2 and 4 weeks of

Discussion

The TaDofl is a transcription factor that is involved in regu-
lating carbon and nitrogen metabolisms in plants resulting in
improved nitrogen utilization (Kumar et al. 2009). The cur-
rent investigation revealed that the overexpression of TuDof!
transcription factor in wheat led to a coordinated expression
of various genes playing role in carbon and nitrogen skeleton
production, a remarkable increase in chlorophyll content and

nitrogen stress. Values are represented as the means + SD of three repli-
cates after normalization with actin expression. Asterisks denote that the
difference between the transgenic and control wheat is significant by the
Dunnett test (P <0.05)

an elevation in soluble protein and soluble sugar contents.
Since various agronomic traits depicted increased values un-
der low-nitrogen conditions, the 7aDofI wheat plants exhib-
ited better growth than non-transformed controls. The study
reveals the improvement in plant growth under nitrogen-
limiting conditions due to an efficacious engineering of ni-
trogen and carbon assimilation pathway. In the nitrogen met-
abolic pathway, the impact of modifications in the expression
of any single enzyme may be masked by concurrent
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Table 3 Mean performance of

control and transgenic wheat lines Plant  Plant height No. of Spike length No. of grains per 10 seeds weight

for different agronomic traits after (cm) spikes (cm) spike (&

4 weeks of nitrogen stress
F1 64 + 0.6° 3+03° 11+03° 27 + 0.6 0.65 + 0.06"
FC  55+06° 2403 9.5 +0.3° 15 + 0.6" 039 +0.1°
Gl 63+03° 3+02° 10.5 +0.1° 33+ 0.6° 0.56 +0.1°
G2 585+03° 2+0.1° 9+0.1° 18+ 0.6° 045 +0.1°
G3  58+03° 2+0.1° 8 +0.2° 14 +0.3° 035 +0.1°
G4 65+03° 4+0.1° 11+03° 35+09° 0.67 +0.1°
G5 62403 24+0.1° 10 +0.2° 31 +09° 0.65 +0.1°
GC  57+03° 2+0.1° 8 +0.3° 14 +0.6° 031 +0.1*

Data expressed as mean =+ standard error from three independent replicates. Different superscript letters show that
significant difference exists when p < 0.05

mechanisms in order to maintain homoeostasis. These unde-
sirable consequences can be avoided by engineering the bi-
ological mechanisms with transcriptional factors since they
have the ability to modify the activity of multiple genes si-
multaneously. Overproduction of only one enzyme involved
in nitrogen assimilation did not increase the biosynthesis of
amino acid in genetically modified plants (Brears et al. 1993;

Vincent et al. 1997). During photorespiration the recycling of
ammonium was improved due to overproduction of gluta-
mine synthetase (GS) that resulted in decreased amounts of
ammonia in plants (Oliveira et al. 2002). However, initially
the transgenic plants overexpressing GS were grown under
nitrogen-sufficient conditions and when the plants were
shifted to nitrogen-limiting conditions, they showed
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Fig. 4 Physiological and biochemical components measured in leaves of
transgenic and wild type plants. a Chlorophyll content (mg g 'FW), b
protein content (mg g 'FW), ¢ soluble sugars (mg g 'FW). Values are
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enhanced growth (Fuentes et al. 2001). On the contrary, in
Dofl transgenic plants net nitrogen assimilation was im-
proved under low-nitrogen conditions without initial growth
of plants under nitrogen-sufficient conditions. In another
study, a modified PEPC was overexpressed in potato to gen-
erate transgenic potato with elevated levels of amino acids.
However, severe growth defects were also observed in genet-
ically modified potato plants as mentioned in the report that
organic acid or metabolites imbalance could be the reason of
growth defects (Rademacher et al. 2002). These side effects
were not found in potato plants overexpressing Dofl.
Therefore, the metabolic pathway should be modified to
avoid the accumulation of intermediates of different chemical
reactions. The modification of nitrogen and carbon assimila-
tion pathway using 7aDofI is a promising approach for co-
ordinated gene expression resulting in enhanced net nitrogen
assimilation. A notable improvement in morphological char-
acters coupled with the promotion of various physiological
and biochemical parameters is a strong evidence of coopera-
tive modification.

Our results indicated upregulation of CS, ICDH, PK, and
PEPC genes in the 7aDofI transgenic plants under nitrogen-
deficient conditions. CaM V35S is a well-known constitutive
promoter that confers constitutive expression in a wide array
of plants, but in various studies, it has been used for transgene
expression under stress conditions. In different studies, the
increased expression of transgene has been noticed under
stress conditions than control conditions indicating that
CaMV35S has some stress-responsive elements responsible
for transgene expression under stress conditions (Sharir et al.
2005; Cho and Hong 2006; Sun et al. 2012; Song et al. 2014).
In the current study, similar results were obtained that the
transgene expression increased after 4 weeks of stress as com-
pared with 2 weeks of stress.

The transgenic lines F1, G1, G4, and G5 showed a re-
sponse of manifold increase in genes expression (Fig. 3).
The transgenic rice expressing Dof! showed a higher number
of PEPC transcripts that led to an enhanced carbon flow to-
wards nitrogen utilization (Kurai et al. 2011). The increased
PEPC transcript levels have also been observed in other Dof1
plants (Yanagisawa et al. 2004; Wang et al. 2013a, b; Pena
et al. 2017) which suggest that PEPC can be used as a molec-
ular marker for Dof7 plants. Yanagisawa et al. (2004) reported
an increased activity of CS, ICDH, and PK genes in transgenic
Arabidopsis expressing Dof1. In another related study con-
ducted by Wang et al. (2013a, b), higher PK levels were ob-
served in Dof! tobacco plants. These reports suggest that in
addition to inorganic nitrogen present in soil, carbon skeleton
(2-0G) is also required which is produced from metabolic
intermediates catalyzed by ICDH, CS, PK, and PEPC genes.
Hence, a synchronous activation of genes associated with car-
bon and nitrogen skeleton production leads to net assimilation
of nitrogen in transgenic plants expressing Dof1.

The longer period of nitrogen stress resulted in upreg-
ulation of CS, ICDH, PEPC, and PK genes (Fig. 3). This
significant rise in expression of the genes after 4 weeks of
stress might be due to a continuous increase in TaDofl
transcripts over a time period that led to a high number
of TaDof1 residues interacting with DofI-binding domains
in the promoter areas of genes. These findings are consis-
tent with the study conducted by Corrales et al. (2014) in
which quantitative RT-PCR expression analyses revealed
that Dof genes respond to different abiotic stresses with
different timing in DofI transgenic plants. They explained
that minor levels of Dof genes transcripts were recorded in
4-week old plant leaves while a profound increment in
transcripts of Dof genes was observed in the leaves of 8-
week old plants. The highest fold increase of 464 was
found for ICDH gene (Fig. 3c) indicating its essential role
in carbon and nitrogen metabolism pathway (Kurai et al.
2011). The plants selected in the study represent different
transgenic events; this is why they show variable re-
sponse. Further, the variable response of different varieties
under nitrogen stress conditions may be due to the random
nature of transgene insertion (Pérez-Gonzalez and Caro
2019) (Fig. 3a). However, among the studied varieties,
G4 showed a consistent response of higher expression of
TaDof1 and the genes regulated by TaDof1 after 4 weeks
of nitrogen stress (Fig. 3).

A marked rise in the morphological traits (plant height
(cm), spike length (cm), number of spikes plantfl, number
of grains spike ', and grain weight (g) in TaDofI wheat lines
was observed (Table 3). The comparable results were obtained
by Wang et al. (2013a, b) which state that under low-nitrogen
conditions, different agronomic characters, e.g., plant length
and leaf surface, showed better results in transgenic tobacco
lines than non-transformed plants. In addition to this, signifi-
cant changes in physiological and biochemical parameters
were recorded in the 7aDofI transgenic plants. In the present
investigation, a profound increase in chlorophyll content, sol-
uble protein, and sugar content was recorded in the 7aDof1
transgenic plants than non-transgenic plants (Fig. 3). These
results are in line with the previous study conducted by
Wang et al. (2013a, b) which reported elevated levels of chlo-
rophyll and soluble protein contents in the DofI transgenic
tobacco plants than wild type plants. A higher chlorophyll
and soluble sugar content was recorded in Arabidopsis ex-
pressing Dof1 (Yanagisawa et al. 2004). A full-length finger
millet Dof7 gene could regulate expression of genes associat-
ed with carbon and nitrogen metabolisms that led to protein
accumulation in grain (Kumar et al. 2014). The study conduct-
ed by Rueda-Lopez et al. (2017) revealed that DofI transgenic
poplar trees accumulated considerably more carbohydrates
than the wild type plants. Taken together, these findings
highlighted that overproduction of 7aDofI transcription factor
in wheat generated a broad biochemical modification through
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intimately linked expression of genes. In future, characteriza-
tion of plants expressing 7aDof1 will further explore the intri-
cate regulation of several metabolites that affect plant growth.
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