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Abstract

We report here the genome-wide changes resulting from low N (N-W+), low water (N+W-)) and dual stresses (N-W-) in
root and shoot tissues of two rice genotypes, namely, IR 64 (IR64) and Nagina 22 (N22), and their association with the QTLs
for nitrogen use efficiency. For all the root parameters, except for root length under N-W+, N22 performed better than IR64.
Chlorophyll a, b and carotenoid content were higher in IR64 under N+W+ treatment and N-W+ and N+W- stresses;
however, under dual stress, N22 had higher chlorophyll b content. While nitrite reductase, glutamate synthase (GS) and
citrate synthase assays showed better specific activity in IR64, glutamate dehydrogenase showed better specific activity in
N22 under dual stress (N-W-); the other N and C assimilating enzymes showed similar but low specific activities in both the
genotypes. A total of 8926 differentially expressed genes (DEGs) were identified compared to optimal (N+W+) condition
from across all treatments. While 1174, 698 and 903 DEGs in IR64 roots and 1197, 187 and 781 in N22 roots were identified,
nearly double the number of DEGs were found in the shoot tissues; 3357, 1006 and 4005 in IR64 and 4004, 990 and 2143
in N22, under N-W+, N+W- and N-W- treatments, respectively. IR64 and N22 showed differential expression in 15 and 11 N-
transporter genes respectively, under one or more stress treatments, out of which four showed differential expression also
in N+W- condition. The negative regulators of N- stress, eg, NIGT1, OsACTPKT and OsBT were downregulated in IR64 while
in N22, OsBT was not downregulated. Overall, N22 performed better under dual stress conditions owing to its better root
architecture, chlorophyll and porphyrin synthesis and oxidative stress management. We identified 12 QTLs for seed and
straw N content using 253 recombinant inbred lines derived from IR64 and N22 and a 5K SNP array. The QTL hotspot
region on chromosome 6 comprised of 61 genes, of which, five were DEGs encoding for UDP-glucuronosyltransferase,
serine threonine kinase, anthocyanidin 3-O-glucosyltransferase, and nitrate induced proteins. The DEGs, QTLs and candidate
genes reported in this study can serve as a major resource for both rice improvement and functional biology.
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Background

Nitrogen (N) is one of the most important macronutrients
of plants as it is a component of several biomolecules, viz.,
enzymes, amino acids, nucleic acids, chlorophyll, and a
range of diverse secondary metabolites. Thus, it affects
many aspects of plant growth and metabolism and eventu-
ally the grain yield (Xu et al. 2012; Wang et al. 2014; Sinha
et al. 2019). Enhanced N supply combined with enhanced
N responsiveness of the semi-dwarf genotypes of the
major cereal crops, especially, rice and wheat, made higher
harvest index and productivity possible which eventually
ushered in the green revolution (Zeigler and Mohanty,
2010). Though both semi-dwarf rice and wheat respond to
N fertilizers, they have low N use efficiency and thereby
demand higher supply of N for higher yields (Loddo and
Gooding, 2012; Ma and Liu, 2018). It has been estimated
that crop plants in general are capable of utilizing only
30-40% of applied N (Raun and Johnson, 1999), and
hence more than 60% applied N is lost to the environ-
ment. However, continuous and/ or indiscriminate supply
of nitrogenous fertilizers had not only led to economic
losses to farmers but also has caused severe environmental
pollution as a result of the numerous physio-chemical
processes that occurs in the soil, e.g., eutrophication of
freshwater and the marine ecosystem due to leaching and
run-off of excessive NOj~, volatilization and denitrifica-
tion (Snyder et al. 2009). Further, the emission of N,O (a
greenhouse gas which is almost 300 times more potent
than CO,) has become a major threat to our environment
(Forster et al., 2007).

Global warming is posing a grave threat to water supply
with irregular quantum and periodicity of rainfall that has
made intermittent drought spells during rice cultivation a
common occurrence. Under the rainfed system of rice
cultivation, drought stress is a major cause of yield loss
(Prasertsak and Fukai, 1997; Dar et al. 2020). Though, the
irrigated system is the major form of rice cultivation in
India and China, the two major rice growing countries of
the world, this will arguably become unsustainable by the
second half of twenty-first century, owing to global warm-
ing led depletion of water resources. Further, the semi-
dwarf genotypes of rice, that occupy the major area of rice
fields, are highly sensitive to drought stress as there is a
tight linkage between the sdI gene and a major drought
tolerant quantitative trait loci (QTL) on chromosome 1
(Vikram et al. 2015). Thus, poor supply of N and water
are the major limiting factors for plant growth and crop
productivity (Ding et al. 2018).

Root, being the first organ of a plant, senses the avail-
ability of N and moisture in the soil besides other min-
erals and often gets modulated in resource-limited
conditions, e.g., low N and water, probably to acquire
these nutrients (Sinha et al. 2020). Drought stress nega-
tively impacts plant growth and a plethora of other
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physiological processes among which the most import-
ant ones are C (carbon) and N metabolism (Abid et al.
2016). Owing to cell membrane damage under drought
stress, N transport and its metabolism are reduced in
plants (Xu et al. 2006; Xiong et al. 2018). Rice being
traditionally grown in flooded condition, prefers
ammonical-N rather than nitrate N, and the former was
demonstrated to enhance drought tolerance in rice
through the expression of aquaporins and accumulation
of ABA (Guo et al. 2007; Gao et al. 2010; Ding et al,,
2016 and 2018). However, due to the presence of aeren-
chyma cells in the root, rice is capable of transporting
oxygen from the leaf to the rhizosphere enabling oxida-
tion of NH," to NO;~, and therefore can take up 15—
40% of N in the form of NO5;~ (Kirk and Kronzucker,
2005). Nitrate transporters belonging to NPF family
(consisting members of low affinity nitrate transporters)
have been demonstrated to transport a variety of substrates
including ABA and IAA (Leran et al. 2014). Further, over-
expression of an accessory protein of a high affinity nitrate
transporter of rice, OSNAR2.1, has been demonstrated to
not only increase N use efficiency and yield but also
drought tolerance while the RNAi lines had lower drought
tolerance (Chen et al. 2016, 2019). They also showed that
the OsNRT2.1 and OsNRT2.3a transgenic lines did not pro-
vide any advantage under drought stress and rather had a
very low survival rate. ABA is the key player in several
abiotic stress tolerance mechanisms including drought and
salinity tolerance (Peleg and Blumwald, 2011). Osmotic
stress/ ABA—activated protein kinase 2 (SAPK2), a member
of SnRK2s subclass II, has been shown to enhance NUE
under drought stress (Lou et al. 2020). Higher N supply is
also known to predispose plants to pest and disease attack,
and downregulate ABA levels (Cao et al. 2011). Thus,
crosstalk among N transporters, ABA dependent gene ex-
pression and aquaporins including nodulin 26-like intrinsic
protein family (which are a super class of plant aquaglyc-
eroporins), under adequate or higher N supply, may reduce
the negative impact of drought stress in plants or vice-versa
(Ding et al. 2018). At the field level also, N fertilizer ap-
plication had a small effect on growth during the
drought stress period in rice, while a larger positive ef-
fect of N was observed after recovery in the stress trials.
On the other hand, there are some metabolites, for in-
stance, allantoin, which show exactly opposite fates
under limited N and water supply stress. Allantoin
showed higher catabolism under N-limited conditions,
and on the contrary, accumulation of allantoin was seen
under the water stress conditions in two Australian
bread wheat genotypes (Casartelli et al., 2019). Further,
allantoin is reported to be accumulated under drought
stress in drought sensitive genotypes in legumes but
drought tolerant genotypes in cereal crops (Plett et al.
2020).
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With the advent of microarray and RNA-seq technolo-
gies, individual effects of suboptimal supply of N and
water on the entire physiology and gene expression have
been examined in detail by many workers (Lian et al.
2006; Cai et al. 2012; Yang et al. 2015; Sinha et al. 2018;
Li et al. 2019; Song et al. 2020). The interplay of N and
water use efficiency is an important aspect of crop pro-
duction, and therefore their dissection at the molecular
level is highly imperative. To the best of our knowledge,
genome-wide transcriptome studies on their combined
deficiency effect have not been reported so far in rice or
other crop plants. Hence, in order to understand the effect
of dual stress (low N and water supply stress), we examined
a global transcriptome of root and shoot tissues of rice
seedlings of two rice genotypes, i.e, Nagina 22 (a drought
tolerant, tall and non-N responsive upland variety), and IR
64 (a semi-dwarf, drought sensitive and N-responsive
lowland  variety), employing physio-biochemical
characterization of these two contrasting genotypes
for individual and dual stresses. We further identified
low-N stress specific QTLs using a recombinant in-
bred (RI) population derived from these two parents.
Our results suggest that IR64 had a similar molecular
response to N- and dual (N-W-) stress, while the re-
sponse of N22 under these two conditions was dis-
tinctly different. Though both the genotypes did show
downregulation of the major metabolic pathways, the
degree of downregulation was consistently lower in
N22 as compared to IR64 under dual stress. We also

Page 3 of 28

could identify some major putative candidate genes
for higher nitrogen use efficiency through integration
of molecular mapping and transcriptome data under
N-stress.

Results

Effect of Low Nitrogen and Water Stress on Biomass

The plants subjected to all the three stress treatments
along with the optimal conditions are shown in Fig. 1.
The longest root length was observed in IR64 (24.46 cm)
under limited N supply (N-W+) followed by N22 (24.43
cm) under dual stress (N-W-) treatment. The shortest
root length of 15cm was observed under N+W+ in
IR64. In general, the root length of N22 was significantly
longer as compared to IR64 in all conditions except N-
W+ (Fig. 2a). Root fresh weight (mg) of N22 was much
higher than that of IR64 under optimal as well as all the
stress conditions, i.e., 436.26 vs. 170.56 (N+W+), 63.8 vs.
23.6 (N-W+), 339.83 vs. 158.16 (N+W-) and 101.5 vs.
35.2 (N-W-) (Fig. 2b). While both the genotypes showed
similar reduction for root dry weight under N-W+ stress
and N-W- conditions, N22 had higher root dry weight
under optimal and N+ W- stress condition than that of
IR64 (Fig. 2c). Under N-W+ condition, IR64 showed
longer root length and maintained both its root dry and
fresh weight, whereas N22 maintained its root length
but showed severe reduction in root weight (Fig. 2a-c).
Thus, under N-W+ and dual stress (N-W-), though the
two genotypes showed a similar performance for root
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Fig. 1 Image of the plants grown under various stress treatments namely optimal input (N+W+), low N (N-W+), low water (N+W-) and low N and
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Fig. 2 Biomass (Root and Shoot Length; Root and Shoot Fresh Weight and Root and Shoot Dry Weight) analysis of two rice genotypes, i.e, IR64
and N22, under low nitrogen (N) and water (W) stresses. Growth conditions followed by plus (+) and minus (-) indicate optimal (+) and low (-)
supply of input. Values are mean + SE (n = 3), different letters above the bar indicate significant difference (p < 0.05) between the different stress
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fresh and dry weight, in terms of % reduction in root
weight, N22 showed a higher reduction compared to
IR64 (43.47% vs. 70.02% reduction under N-W+ stress
and 38.63 vs. 68.62% reduction under N+W- in root dry
weight in IR64 and N22 respectively); however, under
N+W- stress, the performance of the genotypes was
similar as evident from a similar % reduction in root and
shoot dry weights (- 5.7 vs. 0.16% for RDW and - 12.05
vs. -5.17%).

Shoot length of N22 was the longest under N+W-
condition (39.9 cm), equivalent to optimal conditions,
and invariably higher than that of IR64 under optimal as
well as all stress conditions (Fig. 2d). The only exception
to this was the dual stress condition wherein both the
genotypes had nearly equal shoot length. Further, under
optimum conditions (N+W+), both shoot fresh and dry
weight of N22 were significantly higher than that of
IR64, i.e., 657.06 mg and 140.5 mg as compared to 369.9
mg and 95.13mg respectively. Both the genotypes
showed significantly reduced shoot weight under stress
conditions and were equivalent under all the cases ex-
cept N+W- condition wherein N22 had more shoot dry
weight than IR64 (Figs. 2e-f). In brief, the resilience IR64
to chronic N-W+ stress was evident from the results
while N22 and IR64 showed a nearly similar perform-
ance under a short term N+W- stress.

Effect of Low Nitrogen and Water Stress on Relative
Water Content (RWC)

Both the highest and lowest RWC (%) was observed
under N-W+ condition in IR64 (97.2%) and N22
(84.24%) respectively. Differences between the genotypes
for RWC was not significant under the dual stress (N-
W-), i.e., 93.39 and 90.4% for IR64 and N22 respectively.
However, IR64 showed better RWC than that of N22
under N-W+ stress condition with intermediate values
in other treatments (Fig. 3). Notably, under the dual
stress, the RWC was even more than that of N+W-
stress in N22 while it was nearly equivalent in IR64. It’s
important to mention here that these differences were
however not statistically significant.

Effect of Low Nitrogen and Water Stress on Chlorophyll
and Carotenoid Content

Reduction in chlorophyll A, total chlorophyll and carot-
enoid content was observed only under N-W+ stress or
dual stress (N-W-) but not under W- stress in both the
genotypes. So it was only the Chl B content that distin-
guished the response of the genotypes under optimum
as well as dual stress conditions. N22 showed both max-
imum (0.166 mg/ g.fwt) and minimum (0.0622 mg/
g.fwt) content of Chl B under N-W-, and N+W+ condi-
tions, respectively, whereas IR64 had the highest Chl B
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Fig. 3 Relative Water Content (RWC) of two rice genotypes, i.e, IR64
and N22, under low nitrogen (N) and water (W) stresses. Growth
conditions followed by plus (+) and minus (-) indicate optimal (+)
and low (=) supply of input. Values are mean + SE (n = 3), different
letters above the bar indicate significant difference (p < 0.05)
between the different stress conditions and genotypes
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content, ie., 0.1418 mg/ gfwt under optimum condi-
tions. Although stress conditions did cause reduction of
Chl A and total Chl, the difference between the geno-
types was insignificant under both optimum as well as
stress conditions (Figs. 4a-c). Carotenoid content was
higher in IR64 under the optimal condition. Though
RWC content did not show much variation under W-
and dual stress in either of the genotypes (Fig. 3), the
leaves showed complete rolling and yellowing, especially,
under dual stress, as seen from the very low chlorophyll
content, especially Chl A in N22 and Chl B in IR64
(Figs. 1 and 4). Hence, sampling was done on the 7th
day of drought stress for further morphological, bio-
chemical and transcriptome studies.

Effect of Low Nitrogen and Water Stress on Root System
Architecture Traits

Under optimal (N+W+) and N-W+ conditions, the TRS
of IR64 (487.55 and 235.03 cm respectively) was ob-
served to be more than N22 (447.88 and 151.64 cm re-
spectively; Figs. 5a and Fig. 6). In brief, the genotypes
did not show a statistically significant difference between
them for TRS under optimal input supply, but did show
a significantly differential response under low N- supply
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Fig. 4 Chlorophyll and carotenoid content of two rice genotypes, i.e., IR64 and N22, under low nitrogen (N) and water (W) stresses. Growth
conditions followed by plus (+) and minus (-) indicate optimal (+) and low (=) supply of input. Values are mean + SE (n = 3), different letters
above the bar indicate significant difference (p < 0.05) between the different stress conditions and genotypes
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Growth conditions followed by plus (+) and minus (=) indicate optimal (+) and low (=) supply of input. Values are mean + SE (n = 3), different
letters above the bar indicate significant difference (p < 0.05) between the different stress conditions and genotypes. TRS: Total root size; LRS:
lateral root size; FOLRN: first order lateral root number; SOLRN: Second order lateral root number
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i., N-W+ stress. Similarly, TRS got reduced significantly
in IR64 under N+W- stress (487.55 to 396.46 cm), while
only a marginal reduction (447.88 to 438.91cm) was
seen in N22 (Figs. 5a and Fig. 6). Under dual stress con-
ditions (N-W-), the TRS of both the genotypes reduced
considerably but the difference between the genotypes
was again statistically not significant. LRS was not af-
fected by N+W- stress in both the genotypes. The least
LRS was observed under dual stress condition in both
the genotypes (0.9023 and 0.9036 for IR64 and N22 re-
spectively), followed by N-W+ condition, wherein only
N22 showed reduction (0.8920) but not IR64 (0.9340)
(Fig. 5b). In general, SOLRN was more than FOLRN in
both the genotypes under respective conditions. IR64
showed highest FOLRN (614.66) and SOLRN (4979.33)
under the optimal condition, but showed a compara-
tively severe reduction under all the stress conditions
(Figs. 5¢-d). N22 showed an interesting pattern of lateral
root numbers, wherein FOLRN showed the maximum
value under dual stress condition (533.3), followed by
optimal (306.0), W- (79.0) and N- (54.0) conditions.
Similarly in case of SOLRN, N22 showed the highest
value (2574.0) under dual stress conditions, followed by
optimal (1499.0), W- (1541.0) and N- (222.33)

conditions, the latter being the least number among all
conditions and genotypes (Figs. 5d and Fig. 6).

Effect of Low Nitrogen and Drought Stress on N and C
Metabolizing Enzymes

Maximum specific activity (umoles/mg/min) of NR was
found in N22 under N+W- condition, i.e., 0.81, followed
by N+W+ condition in both the genotypes (0.70 in IR64
and 0.67 in N22) and N+W- conditions in IR64 (0.35).
The least NR activity was observed in both N-W+ and
N-W- conditions for both genotypes (Fig. 7). Interest-
ingly, NiR activity was always higher under N- stress i.e.,
both N-W+ (2.59 and 1.83 pmoles/mg/min for IR64 and
N22 respectively) and N-W- conditions (2.35 and 1.50
pumoles/mg/min for IR64 and N22 respectively). N22
showed the highest activities of GS and GOGAT in N+
W- condition, i.e., 25.33 pmoles/mg/min and 0.17 AOD/
mg/min, as compared to other conditions and IR64
genotype. On the contrary, IR64 showed highest activity
of GDH under N-W+ condition (0.85 AOD/mg/min)
and least activity in N+W- condition (0.06 AOD/mg/
min) as compared to the other conditions and N22
genotype. Following a similar trend, IR64 showed high-
est activity for all the three C-metabolizing enzymes, i.e.,
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Fig. 6 Root system architecture images of the two genotypes, IR64 and N22, under low nitrogen (N) and water (W) and combined stresses.
Growth conditions followed by plus (+) and minus (-) indicate optimal (+) and low (=) supply of input
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PK (2.66 AOD/mg/min), ICDH (2.52 AOD/mg/min) and
CS (2.12 AOD/mg/min) under N-W+ condition. As far
as these three C-metabolizing enzymes are concerned,
IR64 showed minimum activities in N+W- condition,
whereas N22 showed minimum activity under N+W+
condition (Fig. 7). Overall, under dual stress (N-W-),
NiR, PK and CS enzyme assays showed significantly bet-
ter specific activity in IR64, while most of the other N
and C assimilating enzymes showed similar but low spe-
cific activities in both the genotypes. When the enzyme
activities under dual stress were compared with that of
optimal input supply, four of the eight enzymes, NiR,
PK, ICDH and CS, showed better specific activity under
dual stress whereas NR and GOGAT showed lower spe-
cific activity. In case of GS and GDH, IR64 had better
specific activity under dual stress for the former and
N22 had better specific activity for the latter in compari-
son to optimal input supply. Under drought stress, N22
performed better than IR64 for all the eight enzymes
assayed, while under the optimal conditions IR64 per-
formed better than N22 except for GS.

Genome-Wide Transcriptome Sequencing under Low
Nitrogen and Water Stress — Data Quality and
Identification of DEGs

A total of 1.16 billion raw reads were obtained across 16
treatments with a range of 43.95 (IR 64 shoot under N-
W+) to 85.54 M reads (N22 root under N+W+), and an

average of 72.58 M raw reads per treatment (Table 1).
On an average, 66.51 M (91.37%) high quality reads were
available for further analyses after trimming of low qual-
ity reads. Though the N specific transcriptomes (N+W+
and N-W+) were previously reported by us (Sinha et al.
2018), we had used open source algorithms and could
map only 47.35% of the reads to the reference genome.
However, in the present study, 89.91% of the reads could
be mapped to the genome as we used comparatively re-
laxed parameters available in the CLC workbench (Table
1). This was essential because N22, an aus type, and
IR64, an indica type of rice, are quite distinct from the
reference genome of Nipponbare (japonica type).

We identified a total of 8926 unique differentially
expressed genes (DEGs) across all the stress treatments
by using N+W+ treatment as control for each stress
(Supplementary Table 1). In brief, we identified only
1174, 698 and 903 DEGs in the root tissues of IR64, and
1197, 187 and 781 DEGs in N22; whereas nearly double
the number of DEGs were found in the shoot tissues,
i.e., 3357, 1006 and 4005 in IR64, and 4004, 990 and
2143 DEGs in N22 under N-W+, N+W- and N-W-
stress treatments. Further, in the shoots of IR64, 2712
(67.7%) of the 4004 DEGs identified under the dual
stress were common with N-W+ stress, while only 619
(15.46%) were common with N+W- stress (Fig. 8a).
Similarly, in N22 shoots also, 1567 (73.12%) and 555
(25.9%) of the dual stress DEGs were common with N-
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Fig. 7 Specific activities of N and C-metabolizing enzymes (NR, NiR, GS, GOGAT, GDH, PK, ICDH and CS) of two rice genotypes, i.e. IR64 and N22,
under nitrogen (N) and water (W) stress. Growth conditions followed by plus (+) and minus (=) indicate optimal (+) and low (=) supply of input.
Values are mean + SE (n = 3), different letters above the bar indicate significant difference (p < 0.05) between the different stress conditions and
genotypes. NR: Nitrate reductase; NiR: Nitrite reductase; GS: Glutamine synthase; GOGAT: glutamate-oxoglutarate aminotransferase; GDH:
Glutamate dehydrogenase; PK: Pyruvate kinase; ICDH: Isocitrate dehydrogenase; CS: Citrate synthase
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Table 1 Summary of transcriptome data obtained for low nitrogen (N) and water stress response studies in a pair of rice genotypes,

IR 64 and Nagina 22 (N22)

Treatment Library Number of raw reads Number of high quality (HQ) % of HQ reads Mapping % of HQ reads
A: Optimal N and water (N +W+) IR64R 66,536,324 50,191,956 7545 88.81
IR64S 70,824,528 55,136,806 77.85 91.98
B: Low N and optimal water (N-W+) IR64R 82,505,318 79,630,496 96.52 84.57
IR64S 80,815,020 75,536,524 9347 92.84
C: Optimal N and low water (N+W-) IR64R 71,789,678 65,991,386 91.92 93.66
IR64S 59,320,262 54,086,464 91.18 92.58
D: Low N and low water (N-W-) IR64R 83,704,236 78,718,332 94.04 92.58
IR64S 43,945,150 38,574,194 87.78 92.8
A: Optimal N and water (N + W+) N22R 85,535,858 78,152,624 91.37 93.98
N22S 80,808,216 74,622,520 92.35 83.15
B: Low N and optimal water (N-W+)  N22R 80,715,748 76,311,074 94.54 94.04
N22S 64,090,592 62,037,382 96.80 84.51
C: Optimal N and low water (N +W-) N22R 68,228,978 64,247,540 94.16 92.72
N22S 72,947,448 67,688471 92.79 80.84
D: Low N and low water (N-W-) N22R 76,438,072 72,888,018 95.36 91.01
N22S 73,075,028 70,427,288 96.38 8851
Total reads 1,161,280,456 1,064,241,075 91.37 89.91
Average reads per library 72,580,028.5 66,515,067.19

Note: R root; S shoot

W+ and N+W- stress (Fig. 8b). In root tissues also, the
same trend was observed albeit in a lower proportion
with 43.39% and 13.87% in IR64, and 55.06% and 7.68%
DEGs in N22 from the N-W+ and N+W- stress DEGs
were common with the dual stress DEGs (Figs. 8c and
d). Overall, in IR64 shoots, only 23.6% (1169), 11.5%
(559) and 6.3% (311) of the genes were unique to dual,
N-W+ and N+W- stress respectively, whereas in N22,
9.4% (N-W-), 47.2% (N-W+), and 6.3% (N+W-) of the
DEGs were unique. In case of the root tissues, 22.1%,
29.3% and 19.1% of DEGs were unique to dual, N- and
W- stress in IR64, whereas 19.7% (N-W-), 44.7% (N-)
and 5.7% (W-) of the DEGs were unique in N22. Thus,
both in the root and shoot tissues of N22, more number
of unique DEGs were identified under N- stress. Further,
comparison across the genotypes revealed that just
11.7% (416/3353 of the DEGs in IR 64 under N-) to
27.08% (1083/4000 of the DEGs in N22 under N-) DEGs
in shoot tissue were unique to a specific treatment and
genotype, while the rest of the DEGs were common to
one or more treatments or genotypes (Fig. 8¢). However,
in case of the root tissue, comparatively, a higher pro-
portion of the DEGs were found to be unique to a spe-
cific treatment, which varied from 24.65% (192/779 of
the DEGs in N22 under N-W-) to 43.27% (302/698 of
the DEGs in IR64 under W-) with an exception of just
3.3% of DEGs (30/900) in IR64 under N-W- treatment
(Fig. 8f). The common DEGs across the genotypes and

treatments also showed a similar direction of regulation
(either uniformly up or down) in both the genotypes
(Supplementary Table 1).

Comparison of the Expression of N Transporters, Sensors
and Regulators under Various Stress Treatments in IR64
and N22

Of the 15 differentially expressed N transporter genes in-
cluding the high affinity nitrate transporters, ammonium
transporters and urea transporters, root tissues of IR64
showed differential expression for all of them, whereas N22
roots showed differential expression only in 11 under the N-
W+ and/or N-W- stresses (Supplementary Table 2). Four N
transporters and their accessory protein genes (NR72.1,
NRT2.4, OsNAR22 and OsAMT2 I) were differentially
expressed also under N+W- condition. A low affinity nitrate
transporter, OsNPF7.2, was differentially expressed only in
N22 shoots under all the three stress conditions implicating
its genotype specific role in nitrate transport in the above
ground part. Among these transporters a few more genes
annotated as ‘similar to nitrate transporters’ (Os10g0111300,
Os10g0370700 and Os06g0581000) and others annotated as
‘similar to nitrate and chloride transporter’ (Os03g0682100)
showed downregulation only in N22 shoot under N-W+
stress. Three negative regulators of N stress, ie, NIGTI,
OsBT and OsACTPK1, were downregulated in IR64 in either
root or shoot tissues under both N-W+ and dual (N-W-)
stress, while NIGT1 transcript alone was downregulated in
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IR64:N-W+

Fig. 8 Comparison of common and unique DEGs identified across low N (N-W+), low water (N +W-) and dual stress (N-W-) treatments compared
to optimal (N + W+) conditions in root (R) and shoot (S) tissues of two rice genotypes, IR64 and N22. a: DEGs in shoot tissues of IR64 across
treatments; b: DEGs in shoot tissues of N22 across treatments; ¢: DEGs in root tissues of IR64 across treatments; d: DEGs in root tissues of N22
across treatments; e: DEGs identified in shoot tissues of both the genotypes; f: DEGs identified in root tissues of both the genotypes

IR64:N-W+

N22 under N-W+ and dual stress. OSACTPK1 was down-
regulated only under N-W+ stress in N22 roots, but not
dual stress. OsBT was not downregulated in N22 under any
stress in any of the tissues. More interestingly, NIGT1 tran-
script was found to be upregulated in N22 under N+W-
stress. Os04g0680400 and Os12¢0503000 encoding for allan-
toinase and allantoin transporter were downregulated under
N-W+ and dual stress in both the genotypes but not under
N+W- stress. Further, Os02g0673100 encoding for alumin-
ium induced malate transporter was found to be upregu-
lated in both the root and shoot tissues of N22 and IR64
under N-W+ and dual stress, while aluminium induced cit-
rate transporter encoded by Os02¢g0673100 was upregulated
only in IR64 roots under N+W- stress.

Comparison of the Expression of Known Transcription
Factors (TFs) and Novel (Not Annotated) Genes under
Various Stress Treatments in IR64 and N22

A total of 173 transcription factors were found to be dif-
ferentially expressed under different treatments (Supple-
mentary Table 3), out of which 97 and 20 were specific

to low nitrogen (N-W+) and low water (N+W-) supply
respectively. The genotypic differences were also sub-
stantial in terms of the number of TFs expressed; 37 and
61 TFs were found to be expressed in N22 and IR64 re-
spectively. The rest of the 75 DEGs showed a similar ex-
pression pattern in both the genotypes, except for two
genes, namely, Os01g0289732 and Os03g0252900, which
encode a WRKY TF and a MYB like TF DIVARICATA,
respectively. The former showed up- and down-
regulated expression under N-W+ and N+W- stress in
IR64 and N22 respectively, whereas the latter showed
down- and up-regulated expression in IR64 and N22 re-
spectively. Further, the expression pattern under N-W+
and dual stress were identical for most of the DEGs in
IR64, while only a few DEGs showed such a pattern in
N22. Of the 173 TFs, WRKY TFs were the most abun-
dant with 30 genes followed by bZIP (18), MYB (17),
HSF (13), AP2/ERF/AP1 (10), bHLH (9) and zinc finger
(6) and NAC (6) genes. Of the zinc finger TFs, three
were of Dof type, all of which were downregulated in
N22 but not in IR64 under N-stress. A zinc finger,
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RING-type domain containing protein (Os01g0123700)
was downregulated only in IR64 shoot tissues under low
N (N-W+) but not in other tissues of IR64 or N22.
0s01g0213800, encoding a plant specific transcription
factor which is a target gene for mir319 was specifically
upregulated (10.5 log, fold change) in N22 shoots, only
under N- stress. Os08¢0549600, encoding a bZIP TF and
Os11g0523700 encoding a bHLH TF were the genes with
higher folds of upregulation. The former was upregu-
lated by 5-7 log, fold in shoot tissues of both the geno-
types under N-W+ and dual stress, while the latter was
upregulated by 6.6 and 7.3 log, fold in IR64 shoots
under N-W+ and dual stress and 11.77 log, fold in N22
shoots only under N-W+ stress. Another gene,
0s04g0659300, encoding a receptor-like protein, which
is implicated in root development, salt stress response
and regulation of iron acquisition, was downregulated to
10 log, fold change in the root tissues of both the geno-
types suggesting the cross-talk of other nutrients with
nitrogen.

Of the 8926 DEGs, 26.15% were completely novel, rep-
resented by 916 conserved hypothetical proteins and
1418 hypothetical genes/proteins. Of these transcripts,
20 hypothetical genes/proteins and 12 conserved hypo-
thetical proteins had more than 8 log, fold DE (Supple-
mentary Table 4).

Comparison of Genes Involved in Plant Hormone
Metabolism and Receptors

Among the 44 DEGs involved in auxin biosynthesis
and signalling, as many as 33 were shoot specific, out
of which 26 DEGs were found to be specific to N-W+
or dual stress, whereas only 12 were specific to N+W-
stress. Of the remaining 11 DEGs, only three were
root specific while the others were expressed in both
the tissues. As far as genotypic specificity is con-
cerned, 15 and 12 DEGs were found to be specific to
IR64 and N22 respectively (Supplementary Table 5).
Similarly, in GA biosynthesis and signalling, 7 unique
DEGs were found to be specific to N22 and IR64; 6
and 14 were root and shoot specific. 0s05¢g0227600
and Os07g0418700 encoding proline rich glycoproteins
with ABA dependent inhibition of root growth were
downregulated only in IR64 roots under N-W+ or dual
stress, whereas a similar gene, 0s05¢g0622900, was up-
regulated in shoot tissues of N22 under both N-W+
and dual stress and in IR64 only under N-W+ stress.
Further, Os04¢0511200, an ABA responsive gene, was
upregulated only in N22 under N+W- stress, but
downregulated in shoot tissues of IR64 under N-W+
and dual stress. Another ABA dependent gene,
0s05g0381400, differentially expressed only in N22
with upregulation under N+W- and downregulation
under dual stress (Supplementary Table 5).
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GO Enrichment Analysis of DEGs across Stress Treatments
and Genotypes

Across the genotypes and stress conditions, a similar
proportion of the DEGs were classified into biological
processes (22—-25%), cellular components (34—37%) and
molecular functions (40-41%) in shoot tissues of both
the genotypes; however, in root tissues the response of
genotypes varied under individual stresses (but similar in
dual stress) with a huge difference in the proportion of
genes (i.e., 53% and 40% in IR64 and N22 respectively)
under molecular function (MF) category under N-W+
stress (Figs. 9 and 10). Further, sub-categorization of
biological processes (BP) revealed that transcription fac-
tors (TFs) and genes involved in oxidation-reduction
were equally abundant (40 genes in each category) in
IR64 roots. Most of the DEGs belonged to the
oxidation-reduction process (47) followed by metabolic
processes (34), carbohydrate metabolism (30) and TFs
(25) in N22 roots (Figs. 9). Under cellular components
(CC), cytoplasmic vesicles were found to be the most
important component and uniformly so across all treat-
ments. Under W- stress in N22, membranes were the
second most important components of CC. Under MF
category, electron transfer activity followed by ATP,
heme, and zinc binding protein were the key compo-
nents in root tissues of both the genotypes.

IR64 under all the treatments and N22 under N-W+
condition showed a similar enrichment of genes under
BP category in shoot tissues, with most of the DEGs fall-
ing under the subcategory of TFs, protein phosphoryl-
ation and metabolic processes. However, under N+W-
stress, N22 showed an abundance of oxidative stress re-
sponse genes too (Fig. 10). The GO enrichment pattern
of genes in N22 shoots under N+W- and dual stress was
similar for BP. Under CC, cytoplasmic vesicles were of
the major category, while under MF, the ATP binding
was the most important function in both the genotypes
across treatments. The oxidation-reduction has been
found to be the predominant process in the shoot tissues
of N22 under MF category in dual stress conditions
which distinctly differentiated N22 from IR64.

Pathway Analysis of the DEGs

In order to gain a meaningful insight of the transcrip-
tional control in the two genotypes under individual and
dual stresses, we focused on specific pathways and genes
identified from pathway analysis. Under the N-W+
condition, downregulation of a chloroplastic glutamine
synthetase2, (GS2; Os04g0659100) involved in the reassi-
milation of the ammonia generated by photorespiration,
was observed in N22 roots, but this was not the case in
IR64 roots. Still, this gene was downregulated in the
shoot tissues of both the genotypes under N-W+ condi-
tions and IR64 under dual stress. Os05g0555600
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Fig. 9 GO enrichment terms of the DEGs identified from various stress treatments across low N (N-W+), low water (N +W-) and dual stress (N-W-)
treatments in root tissues of two rice genotypes, IR 64 and N22 divided into three major classes, i.e, biological processes (BP), cellular
components (CC) and molecular function (MF) and most frequent subclasses
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components (CC) and molecular function (MF) and most frequent subclasses

J

IR64 roots showed upregulation for four of the N trans-  not shoots) behaved similarly under the dual stress with as
porters while N22 showed upregulation only for two  many as ten genes involved in N metabolism and trans-
(Fig. 11). Both IR64 roots and shoots, and N22 roots (but  port downregulated (except for upregulation of a high



Sevanthi et al. Rice (2021) 14:49

affinity N transporter in roots). In N22 shoots, only as
few as four genes were downregulated. Notably,
05040659100, Os05g0555600 and Os07g0658400 (Fd-
GOGAT involved in N assimilation and leaf senes-
cence) didn’t show downregulation in N22 shoots (Sup-
plementary Table 2).

Comparison of carbon (C) metabolism including C-
fixation by photosynthesis revealed that under N-W+
conditions, though similar sets of genes were downregu-
lated in both the genotypes, a major difference was
found in the differential upregulation of aspartate ami-
notransferase, encoded by 0s02¢0236000, in IR64
shoots, but not in N22 shoots (Fig. 11 and Supplemen-
tary Fig. 1). Under N+W- conditions, two genes, ie.,
0s01g0899425 and Os02g0152400, that encode the larger
and smaller subunits of Rubisco respectively, were up-
regulated in N22 but only the latter was upregulated in
IR64. Further, under N+W- stress, IR64 showed upregu-
lation of genes (i.e., 0s07g0529000 and Os04g0486950)
encoding isocitrate lyase and malate synthase known to
be active in the glyoxylate pathway operating during ger-
mination. Pathway analysis suggested that under dual
stress, the entire C; carbon fixation cycle was downregu-
lated in IR64 in addition to downregulation of regular
TCA cycle and thus resulting in a comparatively lower
pool of oxaloacetate in IR64 (Supplementary Fig. 1).

Both the genotypes did show upregulation of the gene
encoding catalase (Os03¢g0131200), indicating the induc-
tion of ROS during these stresses, possibly resulting in
minimization of hydrogen peroxide induced cell death.
Flavonoid and phenylpropanoid biosynthesis processes
were highly upregulated under N+W- stress and dual
stress but not under N-W+ stress in the shoot tissue of
N22 nor in IR64 shoot tissues under any of the three
stresses (Fig. 11), implicating activation of secondary me-
tabolite mediated stress management in the former geno-
type. Though fatty acid synthesis was upregulated under
both N-W+ and dual stresses, it was downregulated under
N+W- stress in both the genotypes, considerably higher
fold in IR64 than that of N22. Further, the final steps in
fatty acid elongation (supplementary Fig. 2) were found to
be upregulated only in N22 under dual stress, while under
N-stress it was downregulated; it did not show differential
expression under W- stress. Genes involved in porphyrin
and chlorophyll metabolism were completely downregu-
lated in N22 under N- stress, but under W- and dual
stress, it showed upregulation of the conversion process
which formed chlorophyllide from divinyl chlorophyllide.
This is also supported by our chlorophyll content mea-
surements (Fig. 4). In IR64, the response to N- and dual
stress was similar with respect to the downregulation of
major chlorophyll synthesis pathway; still there was upreg-
ulation of conversion of bacterial geranyl geranyl chloro-
phyllide b and a to bacterial chlorophyll a and b (Fig. 11).
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Photosynthesis was completely suppressed in IR64
shoots with the down regulation of 29, 3 and 31 genes
under N-W+, N+W- and dual stress, while in N22 a
large number of genes (Forster et al., 2007) were down-
regulated only under N-W+. Under N+W- stress, the
chlorophyll a/b binding protein and photosystem II oxy-
gen evolving complex PsbQ family protein encoded by
Os01g720500 and Os02g0578400 were found to be up-
regulated while a photosystem II protein D1 was down-
regulated in N22 shoots. Under dual stress in N22, 2
genes each, namely, Os02¢0578400 and Os04g0412200
(Ferredoxin I) were up and downregulated respectively
(Fig. 11 and supplementary Fig. 3).

Glutathione metabolism in root and shoot tissues of
both the genotypes showed substantial differential regu-
lation especially under N-W+ and dual stress (Fig. 11
and supplementary Fig. 4). While root tissues of IR64
and N22 showed downregulation of 10 and 15 genes in-
volved in glutathione metabolism under N-W+ stress,
only 1 and 13 genes were found to be downregulated
under dual stress. In the shoot tissues of IR64, only a
fewer number of genes (4 up and 2 down) showed differ-
ential expression while in N22 as many as 19 genes
showed differential expression (6 up and 13 down)
under N-W+ stress. The scenario was quite distinct in
case of dual stress with 14 genes in IR64 (4 up and 10
down) and 10 in N22 (6 up and 4 down) differentially
expressed. We also noticed that the entire glutathione
metabolism genes were physically located in a cluster on
chromosomes 1 and 10 allowing common means for
regulation (Supplementary Table 6).

Opverall, in IR64 shoots, carbon fixation by photosyn-
thesis was severely compromised and hence the feeding
of pyruvate from glycolysis to cellular respiration was
low under both N-W+ and dual stress conditions (Fig. 11
and supplementary Fig. 1). Still, pyruvate metabolism
was partially upregulated, as seen from the higher activ-
ity of pyruvate kinase, in IR64 under both N-W+ and
dual stress conditions (Figs. 7, 11 and supplementary
Fig. 5), thereby creating a reasonable pool of acetyl CoA
for further oxidative decarboxylation and subsequent
ATP generation. However, under N+W- stress, the pyru-
vate metabolism was also comparatively more compro-
mised with more accumulation of acetate and
acetaldehyde rather than acetyl CoA. N22 showed poor
response under N-W+ stress but a better response under
N+W- stress as compared to IR64; the response under
dual stress was completely different, with minimal im-
pact on C fixation and comparatively higher pool of
acetyl CoA. Specifically, genes (Os01g0660300 and
0Os03g0672300) encoding pyruvate kinase were upregu-
lated in N22 shoots under all the stress conditions, but
downregulated (Os11g0216000) in IR64 shoots under N-
W+ and dual stress (Fig. 11). Under N-W+ stress, in
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Fig. 11 Heat map of the DEGs identified in some of the major metabolic pathways affected under N-W+, N-W- and N-W- stresses in root and
shoot tissues of two rice genotypes, IR64 and N22
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addition to glycolysis, pentose phosphate pathway was
also compromised in both IR64 and N22 shoots but
under dual stress, only IR64 showed downregulation and
not N22.

Validation of a Few Selected DEGs by qPCR Assay

Primers for expression profiling of 10 DEGs were de-
signed (Supplementary Table 7) to support the DEGs
identified from the transcriptome data in the present
study. Most of the genes selected for validation were in-
volved in N transport and metabolism. The expression
profiles of all the 10 selected genes obtained from qPCR
assay matched with the pattern of differential expression
observed in the transcriptome (Fig. 12 and supplemen-
tary Table 1). However, the fold change observed in the
qPCR assay was higher than those obtained in the tran-
scriptome for the nitrogen transporter genes. More im-
portantly, the superiority of IR64 to chronic N-W+
stress through the transcriptional regulation of negative
regulators of N transport (OsBT, NGT1 and
OsACTPK]1), high affinity nitrate transporters along with
their accessory proteins, ammonium transporters (e.g.,
NRT1.2, NAR2.1, NAR2,.2 and AMT1_1) and N assimi-
lation (AAT-glyoxylate) was well supported by the qPCR
assay (Fig. 12 and supplementary Table 7).

Identification of Low N Stress Specific QTLs

The yield data of the parents under N+ and N- field
plots clearly demonstrated the contrasting nature of the
parents for nitrogen use efficiency (Supplementary
Fig. 6). Straw N levels were equal in the parental geno-
types grown in both optimal and low N-plots (IR 64:
1.35 and 1.32% and N2: 1.085 and 1.09%) while grain N
levels decreased in both the genotypes grown in low N-
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plots ((IR 64: 1.68 to 1.34%, N22: 1.40 to 1.02% for N+
to N- conditions). The mapping population of 253 indi-
viduals showed transgressive segregation for both the
traits with a range of 0.77-3.47% and 0.67-1.62% for
straw N and 0.4-2% and 0.04 to 1.9% for grain N under
low and optimal N-plots respectively. Other than straw
STI, all the traits showed a normal distribution (Supple-
mentary Fig. 7). The coefficient of variation was nearly
double for grain N (23.66% and 29.06% under N+ and
N-) as compared to straw N (15.84% and 11.53% under
N+ and N-). Thus, there was enough variation in the
parents and the mapping population to attempt QTL
mapping.

Though the mapping population was previously re-
ported to be segregating for 1512 SNP markers, only 824
markers were utilized for construction of genetic linkage
map and subsequent identification of heat tolerance
QTLs by Shanmugavadivel et al. (2017). To improve the
resolution of the map further, we relaxed the standards
of goodness of fit for segregation distortion to p < 0.015
in the present study. Test for marker quality revealed
that only one marker (SNP850) was the outlier, and
hence it was removed from the analysis (supplementary
Fig. 8). The genetic map consisted of 1262 markers with
a map length of 1600 cM and 12 linkage groups.

For identification of QTLs, besides straw and grain N,
when there is no external N supply (NN) and in the
presence of external N (NP), STI and SSI of both these
traits were also calculated. A total of 12 QTLs, one each
for straw NN and seed STI, two for seed NP, three for
seed NN and five for seed STI were identified on chro-
mosomes 1, 5, 6 and 10 with LOD score greater than 3
(Table 2). Three of these 12 QTLs co-localized on
chromosome 6 with their peak marker at 10.34-10.78
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Mb for the traits seed NN and seed STI. Similarly, three
more QTLs on chromosome 1 co-localized with their
peak marker at 3.42—3.43 Mb for the traits seed NP, seed
NN and seed STI. These QTLs explained phenotypic
variation in the range of 4.9% to 22.3%. The QTL on
chromosome 6 was the most robust with LOD score as
high as 11 and R* values as high as 0.177 to 0.223 for
seed NN and seed STI. The favorable allele for this QTL
was from IR64. In fact, all the favorable alleles were from
IR64 for all the QTLs except for the one on chromo-
some 1 which governed seed NP, seed NN and seed STI.

Co-Localization of the Major QTL with the Transcriptome

Data of the Parental Genotypes under Optimal and Low N
We analyzed the two hot spot regions on chromosome 6
and chromosome 1 between the flanking SNP markers,
and spanning a length of 439 Kbp and 10 Kbp respect-
ively for the DEGs identified in the present study. The
QTL hotspot on chromosome 6 comprised of 61 genes
of which five were DEGs in the transcriptome analysis
including a UDP-glucuronosyl/UDP-glucosyl transferase
family protein (0s06¢289200), serine threonine kinase
(0s06¢291500)/ anthocyanidin  3-O-glucosyltransferase
(0s06¢289900)/ nitrate induced proteins (Os06g286400)
and a hypothetical protein (0Os06¢290701). Os06g289200
was downregulated only in N22 under N-W+ stress. Not-
ably, the DEG involved in flavonoid metabolism
(0s06¢289900) was upregulated only in N22 under all the
three stress conditions, more so under N+W- stress,
reconfirming the robust antioxidant specific metabolism
in N22. More importantly, serine threonine kinase
(0s06¢291500) was specific to N-stress as it was downreg-
ulated only under N-W+ and N-W- stresses but not under
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N+W- stress in both the genotypes. For all annotations,
the latest MSU Rice IDs corresponding to the transcript
IDs of the rap-db were used. Only for Os06¢g290701, no
corresponding MSU ID was available. Blast analysis of the
transcript sequence with the MSU pseudomolecule anno-
tated it as a transposon (LOC_Os06¢18780). In addition,
there was a zinc finger Dof-type family protein in the
vicinity which was downregulated in N22 under N-W+
stress but under both N-W+ and dual stress in IR64
(Fig. 13 and supplementary Table 1). The QTL on
chromosome 1 harbored only two genes out of which
0Os01g166800 encoding ETG1 (E2F TARGET GENE 1)
protein showed differential expression only in IR64 shoots
under N-W+ and dual stress.

SNPs and Amino Acid Substitutions between IR64 and
N22 in the Five Candidate Genes

We compared the CDS of the IR64 and N22 sequences for
the five candidate genes using N22 sequences available in
the database EMSgardeN22 (Sevanthi et al. 2018), the re-
cent long read data generated to 66.8x coverage in the la-
boratory (unpublished) and the re-sequencing data of IR64
available in-house and at Rice-SNP seek database of IRRI
(https://snp-seek.irri.org/). Of the 63 genes in the QTL hot-
spot regions, 56 had SNPs. The total number of SNPs
across the 56 genes was 738 including the gene LOC_
0s06¢291500 which encodes for serine threonine kinase
and has two predicted isoforms. There were 6 and 3 non-
synonymous (NS) amino acid substitutions in the two iso-
forms between IR64 and N22. Interestingly this gene
(Os06g0291500) showed differential expression only in root
tissues and under N-W+ and dual stress. The number of
SNPs was the highest in Os06¢0289200 (28 SNPs) encoding

Table 2 Details of the QTLs identified for straw and seed N content and their stress tolerance and susceptibility indices (STl and SSI)
under no external N supply (NN) and optimal N (NP) supply in a recombinant inbred mapping population derived from IR64 and

N22
Trait Chromosome Position (cM) Physical Interval Size of the QTL LOD Additive effect Phenotype variance Favourable QTL
(Mb) region (Kb) explained (%) allele from

Straw_NN 10 86.21 16.94 17.71 769.74 372 005 6.7 IR64
Seed_NP 1 67.51 451 458 70.79 350 007 58 IR64

1 34251 37.37 37.88 513.10 407  -0.09 7.1 N22
Seed_NN 1 343.61 37.88 39.60 1719.29 343 =007 56 N22

6 113.11 10.18 10.34 158.56 11.07 012 223 IR64

6 118.71 10.96 11.02 66.35 861 011 17.7 IR64
Seed_SSI 6 167.51 19.66 20.38 715.09 420 -0.17 85 IR64
Seed_STI 1 5111 346 350 41.10 305 008 49 IR64

1 34351 37.37 37.88 513.10 431 =011 7.1 N22

6 11311 10.18 10.34 158.56 1030 017 20.6 IR64

6 126.71 11.27 11.48 212.79 591 013 1.3 IR64

4 29571 34.36 3441 5297 454 0.4 7.7 IR64



https://snp-seek.irri.org/

Sevanthi et al. Rice (2021) 14:49

Page 18 of 28

Chro1 Chr06

start

0s0690286310
0s0690286351
0s0690286375
0s06g0286400
0s0690286500
0s06g0286700

A start A

0s01g0166700
0s01g0166800

Shoot

0s0690286900
0s06g0287000

el |Os06g0287200 P ECE—

050690287500 = E = =
050690287700 : T 2
050650288000 z =z z =

IR64

N+W-
N-W-
N-W+
N+W.
N-W-
N+W-
N-W-

0s019g0166800

0s0690288100
Os06g! 300

I Nw+| |

0s0690286400

(o} 400
o

0s0690289200

0s0690289900

0s0690289300
o

0s06g0290701
0s06g0291100
0s06g0291500
0s06g0291600
o || 0s069g0291800
050690292100
050690292301
050690292400
050690292600
0s06g0293000
0s0690293050
0s06g0293100
0s06g0293300
end

M pEGs

——end

seed N content on chromosomes 1 and 6

Fig. 13 Comparison of expression profiles of the differentially expressed genes present in the two major QTL regions identified for straw and

0s0690290701
0s0690291500

for UDP-glucuronosyl/UDP-glucosyltransferase family pro-
tein) one of the five DEGs in the hotspot region, of which
11 resulted in NS amino acid substitutions (supplementary
Table 8). One of the five candidate genes (Os06g0286400)
encoding for a nitrate-induced NOI protein, had a sin-
gle NS substitution. Further, another DEG, LOC_
0s06g18670 (Os06g0289200) encoding for anthocyani-
din 3-O-glucosyltransferase, had 10 SNPs of which 3
resulted in NS substitutions. The large number of SNPs
in other genes in the hotspot region mainly pertained
to retroposon/transposon (like) elements which
accounted for nearly one third of the genes i.e., 18 of
the 56 (Supplementary Table 8). We also tried to look
at the differences in the protein structure arising due to
the 11 amino acid substitutions in case of
0s506g0289200 using I-TASSER which revealed similar
tertiary structure of the protein between the two geno-
types (supplementary Fig. 9). However, further simula-
tions followed by stability analysis of the simulated
structures are needed to arrive at a conclusion.

Discussion

The enhanced root and limited shoot growth in rice
under suboptimal water or nitrogen supply is well docu-
mented; this response is also known to be genotype spe-
cific with upland drought tolerant rice cultivars having
deeper and more prolific rooting systems than lowland
cultivars (Davidson, 1969; Steponkus et al., 1980, Ding-
kuhn and Kropff, 1996; Fageria and Moreira, 2011). Fur-
ther, the extreme N-deficiency reduces branching and
root hairs in cereals and legumes but increases the diam-
eter of the lateral and first- and second-order nodal
roots (Anderson et al. 1991). It is well known that the

relative dry weight of rice roots decreased when N was
omitted from a complete fertilizer (Baligar et al. 1998).
Mild N-deprivation allows shoots to translocate photo-
synthates to root to modulate its structure in order to
forage N from external media and this happens through
modulation of brassinosteroid biosynthesis in Arabidop-
sis (Jia et al., 2020). However, if the stress is chronic/se-
vere, growth of the root is restricted. Since chronic N
stress was imposed in our study, we did observe a drastic
reduction in the root dry weight, fresh weight and total
root size (Figs. 2b, ¢ and Figs. 5a) but not in root length
(Figs. 2a and Figs. 5b) in both N-W+ and N-W- treat-
ments. The increase in root length observed was also
specific to IR64 under N-W+ stress. NUE efficient geno-
types are known to improve the root system architecture
in rice through a positive effect QTL, RDWN6XB (Anis
et al, 2019). Further, through NRT1.1 transporter, the
LRS is known to be curtailed under low soil nitrate
levels in Arabidopsis (Tsay et al., 1993). Interestingly,
such a modulation in RSA was not observed in the case
in N+W- stress condition as it did not involve N- stress.
Notably, the FOLRN and SOLRN values showed a clear
genotype specific response with more reduction in N22
for FOLRN under single stresses (N-W+ and N+W-) but
a drastic increase under dual stress (N-W-) conditions.
Since the RWC content did not vary substantially
under N+W- condition, we repeated the entire experi-
ment to measure the RWC content and the results are
presented in Supplementary Table 9. We saw a clear
pattern of RWC not significantly coming down under
N+W- stress in this experiment too. Our results sug-
gested that the effect of water stress was comparatively
more pronounced in case of IR64 under N+W-
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conditions (RWC of 95.27% under N+W+ reduced to
86.36% under N+W-) compared to a minor change in
N22 (89.37 to 84.67%). More interestingly, under the
dual stress (N-W-), the RWC was similar to that of the
N-W+ conditions, suggesting that lack of N somewhere
compensated for lack of water too. In cotton, it was re-
ported that stomatal behaviour might impart a stress
avoidance type of drought resistance to N-deficient
plants (Radin and Parker, 1979). This is despite the fact
that water flux is important for nutrient flow in plants.
Depending on the species, form of N supplied and dose
of N, the N-water relations is reported to vary (Plett
et al., 2020). This paper also describes the interactions of
nitrate transporters and aquaporins with implications on
root hydraulic conductivity. Further, K+ is also reported
to have an impact on aquaporin expression. More the
K+, lesser is the aquaporin-mediated N flow but with
better WUE (Plett et al., 2020). In our data we can see
down regulation of K transporters (mainly high affinity
type) in shoot tissues of both the genotypes except for K
transporter in the QTL region on chromosome 6 in N22
(Supplementary Table 6) as well as the K channel genes
and K proton antiporter genes which were upregulated.
In aquaporins also, we can see a lesser degree of down-
regulation in N-W- stress compared to N-W+ stress in
both the genotypes (0s02¢g0745100, Os03g0861300 and
0s07g0448400).

Not only N- stress, but also water stress affects the
transcriptional abundance of genes involved in N metab-
olism (Foyer et al. 1998; Singh and Ghosh, 2013). Re-
duced NR/NiR/GS/GOGAT activity is a sign of W-
stress as reported in many crops including PEG treated
Malus prunifolia which showed significantly lower NR
activity though the NiR activity was not affected (Huang
et al. 2011; Sanchez-Rodriguez et al., 2011). In rice,
short-term (2-5 days) drought stress increased NiR but
not NR activity (Pandey et al. 2010). All these results
demonstrate that drought stress has a major influence
on nitrate reduction and N assimilation which is sup-
posed to be the main reason for the reduction of crop
yield under drought stress (Wang et al. 2016). We ob-
served that N-stress severely reduced NR activity in both
the genotypes than that of water stress. More pro-
nounced activity was observed in N22 than IR64 indicat-
ing efficient metabolism of N22 under water stress. NiR
was found to have higher specific activity under N-stress
and considerably so in IR64 than N22, potentially indi-
cating more efficient N-assimilation in IR64.

Assimilation of inorganic ammonia to organic amino
acid requires carbon skeleton from the TCA cycle, which
is 2-oxoglutarate (2-OG). Therefore, N metabolism
works in coordination with carbon (C) metabolism and
hence, NUE is directly linked with both nitrogen as well
as carbon metabolism in any crop (Sinha et al. 2018).
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Hence a drought resilient genotype is supposed to man-
age its N uptake and assimilation better under drought
stress, besides the activity of C cycle enzymes, which we
did find in N22 (Fig. 6). Notably, GS was found to be
more active in IR64 and N22 under N- and W- condi-
tions respectively, than that of the optimum condition;
since GS is the first enzyme for NH," assimilation, these
genotypes have a better mechanism to nullify the toxic
effects of ammonium immediately after its release from
various metabolic pathways (Masclaux-Daubresse et al.
2010). The drastic reduction of GOGAT under N-stress
condition in both the genotypes indicates that no further
transamination in chloroplast is preferred by either of
these genotypes; possibly, glutamine itself is used as a N-
transport molecule, or it transfers its amido group to as-
partate in the presence of cytosolic asparagine synthatase
in cytosol (Lam et al. 2003). In fact, alanine aminotrans-
ferase (AlaAT or ALT), asparagine synthase (AS), aspar-
tate aminotransferase (AspAT), have all been implicated
in modulating NUE (Shrawat et al. 2008; McAllister
et al. 2016). We observed downregulation of Osh36
(0s05g0475400 encoding AAT like protein) in N22, and
ALT-2 in both the genotypes but more predominantly in
N22. However, Os03g0171900 and Os03g0338900 encod-
ing for proteins similar to ALT-2 were upregulated only
in N22. AspAT was also found to be downregulated in
both the genotypes under dual stress. In case of IR64,
down regulation of AspAT took place only under dual
stress but not under N-stress.

Our observation based on N and C metabolic enzymes
suggested better performance of IR64 and N22 under N-
and W- conditions respectively (Fig. 6). We further
looked at the DEGs to find whether they represent the
differences in enzyme activities assayed in the study
(supplementary Table 10). For five of the eight enzymes
studies, namely, NR, NiR, PK, GS and GOGAT we could
make two observations: i) the overall reduction in spe-
cific activity under N- stress and dual stress in both the
genotypes were in correspondence with the downregula-
tion of the respective DEGs; ii) the better performance
of N22 under dual stress for PK and GS and IR64 for
other enzymes was also supported by the DEGs. Further,
we observed that not only N and C skeleton, but also
high affinity N-transporter genes were influenced by W-
stress with IR64 showing upregulation of NRT2.1
(Os02¢0112100) along with its accessory protein gene
(NAR2.1) which is required for its activity as well as
downregulation of NRT2.4 (Os01g0547600) in root tis-
sues, possibly due to the lack of mass flow of nitrate to
the root surface in the absence of water, and functional
divergence of different nitrate transporters. Thus, IR64
clearly demonstrated better upregulation of overall N
metabolism as well as N transporters under N- stress.
We further observed that under N-(W+) stress, root
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fresh weight was higher in N22 while root dry weight
was higher in IR64. This could be because of higher
water status of a specific genotype. We hypothesize that
though N22 is sensing the N- stress acutely it couldn’t
do with much of its comparatively inefficient alleles of
HATSs. So, we suggest that N22 is trying to take up more
water and forage N without any real growth and hence
no subsequent addition to dry weight. However, the C-
skeleton was better managed in N22 in N-, W- as well
as dual stress, more so in the latter two stresses (Fig. 10;
Sinha et al. 2018).

Both nitrogen and water use efficiency are very com-
plex traits (Vikram et al. 2011; Wei et al. 2012; Feng
et al. 2018; Sinha et al. 2018); yet, a large number of
genes involved in N-metabolism with specific functions
are known, e.g., high and low affinity N (nitrate/ammo-
nium/urea) transporters, N-sensors, regulators of N up-
take, N reduction and assimilation and also genes that
promote efficient N use (such as gNGR9 and TONDI),
not only from the model plant Arabidopsis but also from
rice, and consequently some of them have been
exploited in breeding programs (Sun et al. 2014; Zhang
et al., 2015). Os12¢0630100 encoding for thaumatin pro-
tein was found to be underlying the QTL, TONDI, by
analyzing the fine mapped region of 279 kb using micro-
array expression data (Zhang et al. 2015). When we
compared the DEGs present in the QTL region of
TONDI1, we found that there were five thaumatin or
thaumatin like genes in that region, all of which showed
differential expression under N- stress in IR64 shoots,
three of them in IR64 root and two of them in N22
shoot (Supplementary Table 6). Some of them also
showed differential expression in other stress (W- and
dual) conditions in both the tissues. Further, only one of
them, with an expected role in plant defense, was found
to be upregulated in IR64 shoots while the remaining
four were downregulated. Thaumatin proteins are
mostly implicated in defense against bacterial and fungal
pathogens or as allergens in plants (Datta et al., 1999,
Wen et al. 2003; Kalpana et al. 2006; Liu et al. 2010).
However, thaumatins have also been identified to be
drought inducible and independent of ABA pathway in
carrot (Jung et al. 2005). In this context, we suggest
TONDI1 QTL to be a true one with not a single gene,
but many genes showing similar function, governing the
N-deficit response. We also found that both the geno-
types tested in our study do not have favorable alleles in
this region, in line with Zhang et al. (2015), wherein they
reported that more than 70% of the rice cultivars did not
have N-use efficient alleles for this locus, making it an
attractive candidate for molecular breeding. On the
other hand, we found upregulation of DEPI gene
(Os09¢0441900) underlying the QTL ¢gNGRY in the
shoots of both IR64 and N22 (Sun et al. 2014). Recently,
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0s06¢0270200 encoding for a potassium transporter-24
was found as the potential candidate gene for a major
QTL (higher root dry weight under low N), ie,
qRDWN6*®, on chromosome 6 under N-deficiency in
rice (Anis et al. 2019). We found upregulation of this
gene in N22 shoots under drought stress but not under
N- or dual stress. In fact, there were a total of 15 DEGs
annotated as potassium transporters, of which 11 were
downregulated and 4 were upregulated; interestingly all
of them were specific to N- stress or dual stress except
for Os06g0270200 (Supplementary Tables 1 and 6), indi-
cating the possibility of N and K cross-talk in rice.

From the major effect QTL regions identified in the
present study, four potential candidate genes, encoding
for UDP-glucuronosyl/UDP-glucosyltransferase, serine
threonine kinase, anthocyanidin 3-O-glucosyltransferase,
and nitrate induced proteins have been identified as they
showed differential expression in N22 which also har-
bored 11, 6, 3 and 1 NS substitutions respectively be-
tween N22 and IR64. Interestingly the nitrate induced
protein encoding gene is just 342 bp long which might
have a regulatory role in N-stress response. Notably, this
gene was not differentially regulated under water deficit
stress in any of the genotypes (N+W-). No additional in-
formation is available as of now on this gene in the lit-
erature. LOC_Os06g¢18670 is a known candidate gene in
flavonoid metabolism and has been reported to be in-
duced under various biotic and abiotic stresses and a
known upstream gene for Os07g0218700 encoding for a
cytochrome P450 and is a major candidate genes for
mQTLs in rice (Chen et al., 2018; Peng et al., 2020; Rice
NetDB: http://bis.zju.edu.cn/ricenetdb/viewer/viewer.
php?input=LOC_Os07g11870;). In our study flavonoid
biosynthesis pathway was a major pathway differentially
regulated under all the three stresses, especially in N22.
UDP-glucosyltransferases (UGTs) are generally localized
in the cytosol and involved in the biosynthesis of flavo-
noids, phenylpropanoids, terpenoids, and steroids, and
also in the regulation of plant hormones (Lim et al
2005; Liu et al. 2015). UGT glucosylation is implicated
in the maintenance of ABA homeostasis in plants (Dong
et al. 2014). Later, UGT71C5 was found to be the candi-
date gene that glycosylates ABA to ABA-GE (Liu et al.
2015). As 0s06g289200 harbored 11 NS substitutions
and was specific to N- stress and downregulated only in
N22 but not in IR64, the latter may have the favourable
allele for this gene which helps in better ABA homeosta-
sis and secondary metabolite-mediated N-stress in this
genotype. Further, this gene is predicted to have four
novel miRNA sequences (Supplementary Table 12),
which need further experimental validation. Both the
predicted isoforms of Serine threonine protein kinase
encoding candidate gene (Os06¢0291500) had several
SNPs that lead to missense mutations. Though the
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function of this gene is not defined in rice, its homolog
in Arabidopsis (Atlg53660) is an organic anion trans-
membrane transporter and has been implicated in seed
germination, development and biomass accumulation
(Keurentjes et al, 2007; Hartanto et al,, 2020). It may
have a potential to cause differential NO3;™ uptake in rice
either directly or indirectly. Os06g0291500 also had the
presence of three known miRNAs namely miR1456,
miR6252 and miR5487 (Supplementary Table 12). Fur-
ther, the QTL hotspot regions also had four cadmium
tolerance factor genes all of which had 1-5 missense
mutations between the two genotypes under study. In
Brassica napus the cadmium tolerance factor genes led
to low NUE and vice-versa (Liao et al.,, 2019). However,
these results should be interpreted with caution as the
QTLs were identified in the fully grown plants on seed
and straw N data while the transcriptome was from the
seedling stage.

TFs are the major modulators of gene expression in
plants. One of the popular TFs known to affect NUE, in-
fluencing N assimilation under low N-supply is Dof
identified in maize (Yanagisawa et al. 2004), which was
later shown to enhance NUE in a variety of crops in-
cluding wheat and sorghum (Pena et al., 2017). A zinc
finger Dof-type family protein found in the vicinity of
the major QTL region identified on chromosome 6 in
the present study, which was downregulated in N22
under N- stress but not in IR64, may be a potential can-
didate polymorphism for enhancing NUE in rice. Out of
the 30 Dof TFs reported in rice (Lijavetzky et al., 2003),
we found nine to be differentially expressed in our study,
out of which only two expressed in the roots while the
rest expressed in the shoots. Only one Dof
(Os10g0496000) was found to be W- stress specific and
was upregulated in the shoots of both the genotypes,
while the rest eight were mostly specific to N- stress.
Out of the eight, two were differentially expressed under
dual stress in IR64 shoots. Further, except for the root-
specific Dof gene (Os07g0236700) all were either upregu-
lated in IR64 or downregulated in N22. However, we did
not find a differential expression of Os04g0567800 tran-
script which was a known N-specific Dof gene in rice.
Dof TFs are known to be regulating a variety of funda-
mental processes in plants, such as carbohydrate metab-
olism, photosynthetic carbon assimilation, vascular
development and transport of sugar through phloem,
phytochrome and light signaling, response to phytohor-
mones and synthesis of storage proteins (Noguero et al.,
2013). Among the other known TFs involved in NUE,
NTGI1, (NO;3 -inducible and autorepressible transcrip-
tional repressor) and OsBT (negative regulation of NO3;~
uptake and NUE) were found to be downregulated in
IR64 under both N- and dual stress while only the
former was downregulated in N22. Further, in both the
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tissues, OsACTPK1, (regulator of N-uptake, the lack of
which is known to enhance ammonium uptake) was
found to be downregulated only in IR64 under both N-
and dual stress (Supplementary Table 2; Beier et al,
2018), while it was downregulated in the root tissues of
N22 under N- stress. Overexpression of NGRS, encoding
for a AP2 domain TF, identified as a mutant (ngr5) with
fewer tillers from genetic screens of semi-dwarf lines,
has been recently shown to enhance NUE (Wu et al.
2020). This gene (Os05¢32270) was found to be upregu-
lated only in IR64 shoots both under N- and dual stress.
Thus, there was a distinctly better transcriptional control
of N-uptake mechanism operating in IR64 than N22,
under N- as well as dual stress.

The differential expression of the genes under any stress
or any other circumstances other than the optimal condi-
tion is routinely observed and documented. This is not be-
cause of the differences in the protein structure per se but
possibly due to the differences in the promoter elements
that control the expression. Hence, we attempted a cis-
element analysis of 44 DEGs known to be implicated in N
and water use efficiency by retrieving the 2 kb upstream se-
quences of these genes from the publically available rese-
quencing data of IR64 and in-house available data of N22
(Sevanthi et al. 2018). We found differences in cis-motifs
between the two genotypes in 25 of the 44 genes (of the dif-
ferentially expressed transcripts) known to play a role in N
metabolism (Supplementary Table 11). The cis-element
variations in the DEGs including thaumatin and Dof gene
and the five DEGs identified on chromosome 6 represent-
ing the known (TONDI) and novel QTLs provide a strong
support to our findings in terms of DEGs as well as QTLs.

N22 is known for its efficient ROS scavenging activity
which confer it with an effective layer of defence (toler-
ance) under drought stress; however, this was mainly ex-
plained through its efficient activity for SOD, catalase
and peroxidase (Srivalli et al. 2003; Prakash et al. 2016).
In our study, we observed another alternative mechan-
ism of ROS scavenging derived from glutathione and fla-
vonoid metabolism with more pronounced upregulation
in N22 shoots not only under W- and dual stress but
also under N- stress (Fig. 10).

Since the N- stress sensitive N22 genotype showed a
mitigation of N- stress when W- stress was simultaneously
applied, as compared to IR64, as seen from the multiple ex-
periments in this study, we wanted to know whether ABA,
a major pathway under drought/osmotic tolerance contrib-
uted to this. We did observe nine genes (Supplementary
Table 13) which included 3 ABA related transcription fac-
tors, Os04g0610400, Os05g0195200 and Os06g0526600 en-
coding for an AP2 type TF, CCCH Zinc finger protein and
DEAD box DNA helicase ATP binding protein and six
genes which encoded for ABA dependent protein or ABA
itself  (0s01g0963600, Os05g0226900, Os05g0227600,
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0s05¢g0381400, 0s07g0418700 and Os04g0511200). Of
these, Os04g0511200 and 0s05g0227600 showed
downregulation in IR64 under dual stress but not in
N22. Again Os05g0195200 (AP2 TF) showed upregu-
lation only in N22 under dual stress but not in IR64.
Since N22 is known for a better ABA dependent
pathway as its drought stress response, the ABA re-
ceptors from N22 have been functionally shown to
enhance the drought tolerance when overexpressed
(Verma et al, 2019). However, Os05¢0226900 which
is responsible for ABA dependent inhibition of root
growth was found to be upregulated in both the ge-
notypes. Some of the genes and miRNAs involved in
ABA dependent pathway have shown to be exhibiting
similar expression in drought resilient N22 as well as
in drought sensitive genotypes like Pusa Basmati 1
(Rosetta et al., 2013; Sandhu et al, 2017). In the
former, miR408 was shown be effective through its
interaction with Ca-dependent proteins. To under-
stand such mechanisms more work is needed so that
the intricacies of the better dual stress of N22 is
unraveled.

Allantoin is a key metabolite with a potential to im-
prove N-homeostasis under stress. However, this metab-
olite was reported to have opposite fates in N- and W-
stress in bread wheat, with significant accumulation
under W- stress but enhanced catabolism under N-
stress so as to have a better pool of ammonium ions for
growth and survival (Casartelli et al. 2019). Our data also
suggest significant catabolism of allantoin (upregulation
of allantoinase) in both the genotypes under N- and dual
stress. Recently, Redillas et al. (2019) have shown that
overexpression of OsUPSI leads to allantoin accumula-
tion under normal nitrogen supply while it promotes
plant growth with better accumulation of allantoin in
sink tissues under low N- supply. Lee et al. (2018) re-
ported upregulation of OsUPSI under high N supply. In
our transcriptome data, under both N- and dual stress,
OsUPS1 was highly downregulated in both the genotypes
in root tissues. In shoot tissues, it was downregulated
only under dual stress. Thus, it was clear that OsUPSI
was responsible for non-accumulation of allantoin in tis-
sues under N- stress. This response of allantoinase and
OsUPS1 was similar in both the genotypes. Though al-
lantoin accumulation under drought stress has been re-
ported by many workers (Watanabe et al., 2014; Plett
et al. 2020) in a variety of crop plants, we did not find
any change in the allantoin metabolism related genes
under drought stress.

Conclusion

The present study is the first report on genome-wide
dual stress transcriptome analysis for low nitrogen and
water stresses in rice using a pair of contrasting
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genotypes. The present study underpins the molecular
basis underlying an efficient mechanism of nitrogen use
metabolism operating in IR64 involving highly coordi-
nated transcriptional regulation of negative regulators,
various N transporters and key enzymes of N assimila-
tion pathway. Though N22 has better N uptake and C
metabolism, it has poor N assimilation and poor regula-
tion of N transporters. N22 performed better under dual
stress conditions owing to its better root architecture,
chlorophyll and porphyrin synthesis and oxidative stress
management through efficient glutathione metabolism
and secondary metabolite production from flavonoid
metabolism. The cis-element variations identified in
some of the DEGs of the two contrasting genotypes sup-
ported the basis of the expression differences observed
in the present study, more importantly the DEGs identi-
fied in the novel QTL regions. The transcriptome data
can serve as a useful resource for further network ana-
lysis and characterization of key genes involved in low
nitrogen and water stress in rice.

Materials and Methods

Plant Materials and Growth Conditions for Transcriptome
Studies

Two rice genotypes, namely, IR 64 (IR64) and Nagina 22
(N22) adapted to irrigated-lowland and rainfed-upland eco-
systems, respectively, were used in all pot-experiments in
the present study. N22 is tolerant to drought stress but sen-
sitive to low N supply, whereas IR64 is sensitive to drought
stress but tolerant to low N supply (Mohapatra et al. 2014;
Prakash et al. 2016; Sinha et al. 2018). Uniform sized seeds
of IR64 and N22 were germinated and subsequently grown
in pots of 4” diameter containing perlite and vermiculite
(1:2 (v/v) ratio) for 21 days following the method described
earlier (Sinha et al. 2018). Seedlings were grown in Yoshida
medium under natural rice growing conditions, and sub-
jected to three stress conditions, viz., low nitrogen (N-), low
water (W-) and both low nitrogen and water (N-W-). N
stress was applied to seedlings for the entire growth period,
i.e., 21 days, whereas W stress was applied only during the
3rd week of the growth period (i.e., 15th-21st day). Drought
stress was imposed for only 7 days as the leaves started
showing complete rolling by then (Supplementary Fig. 1).
NH,NO; was used as the N source in the present study. It
was supplied as a component of Yoshida medium at the
rate of 8 mM (N+) and 0.08 mM (N-) for optimum and N-
stress conditions respectively. To impose drought stress
conditions, water from the nutrient medium was reduced
to 1/5th of total volume keeping the concentration of N
constant during the entire 3rd week of growth period.
Thus, 100 ml of nutrient solution was used for ‘N’ experi-
ments (both N+ and N-) while only 20 ml was used for
drought stress treatment (W-). The nutrient media was
given on every third day in order to maintain the availability
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of N and water as per the treatment i.e., the pots under dual
stress received 0.08 mM of N supplied through 20 ml water
on every third day in the third week while all other treat-
ments received 100 ml of nutrient medium with the appro-
priate N concentrations. For each treatment, five pots
containing five plants per pot were maintained. Biomass of
the seedlings, root system architecture (RSA) traits and
chlorophyll content were measured immediately after 21
days and remaining shoot tissues were kept in — 80 °C for
assay of different N and C metabolizing enzymes and RNA
isolation for transcriptome studies. The following symbols
were used in this MS to indicate the different growth con-
ditions: N+W+ (Both N and water are optimum), N-W+
(Low N stress but water optimum), N+W- (N optimum
but low water stress) and N-W- (both low N and water
stress).

Plant Material and Growth Conditions for Genetic
Mapping Studies on N Use Efficiency

A RI mapping population consisting of 281 RI lines de-
rived by single seed descent method from a genetic cross
of IR 64 X Nagina 22 was used for genetic mapping
studies (Prakash et al. 2016; Shanmugavadivel et al
2017). The mapping population along with the parents
were grown in the N-depleted and N-optimal field plots
of Indian Institute of Wheat and Barley Research, Kar-
nal, India (29.7029° N, 76.9919° E) in Kharif 2016 (July-
Oct), following the recommended agronomic practices
in three rows of 1 m length with 15 cm X 10 cm spacing
in order to map QTLs governing tolerance to low N
supply. The nitrogen was supplied in the form of urea @
100 Kg N ha™' (which is equivalent to 217 Kg of urea/
ha) in an N-optimal plot while the N- treatment plot
was not supplied with any N supplement. N-plot was de-
veloped by discontinuing external supply of any form of
nitrogen since 2012, and maintained by growing Sor-
ghum (Sorghum bicolor) for faster depletion of N. N
content in the soil was measured from both the plots be-
fore the experiment. The available N in the N-optimal
and N- plot was 150 and 90 Kg/ha respectively. Zero ap-
plied nitrogen field (a native field with no external N ap-
plication in the specific season) has been reported to
have 102 mg Nitrogen Kg' of soil (Srikanth et al., 2016;
Rao et al. 2018). If we extrapolate this, considering aver-
age soil weight as 2200 t/ha, the available nitrogen in
zero applied filed is around 224 Kg/ha. Hence our N-
plot had considerably reduced nitrogen (90 Kg/ha) (it
doesn’t reduce below this level mainly due to rain as well
as irrigation water) compared to the N+ plot, where fer-
tilizers are applied and regular crops are grown every
year, which had 150 Kg N/ha. Further, in the N+ plot,
the standard dose of 120 Kg/ha is applied. Hence the ef-
fective difference between N+ and N- field is 180 Kg of
N/ha. However, the other soil physical and chemical
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properties are similar in both the plots which had Sandy
Loam soil (sand 63.2%, silt 26.6%, clay 10.2%) with pH:
7.3; EC: 0.23 dSm™*; OC: 0.42%; available P: 18.2 kgha™;
available K: 232 kgha™'; bulk density: 1.63 kgm™%; FC:
18.9% and PWP: 7.3%. Of the 281 RILs, 253 showed
good establishment in both the plots and hence were
used in the mapping studies.

Measurements of Morpho-Physiological Traits and
Enzyme Activity in the Parental Genotypes, N22 and IR64
After 21days of growth period, three seedlings from
each pot were taken for the measurements of biomass,
RSA traits and for enzyme analysis as per the methods
described earlier, Sinha et al. (2015 and 2018). Length,
fresh weight, and dry weight of shoot and root of prop-
erly washed seedlings were measured. For dry weight
measurement, samples were dried at 50°C till they
attained constant weight. Chlorophyll was extracted in
dimethyl sulfoxide (DMSO) and the content was mea-
sured according to the method described by Hiscox and
Isarelstam (1965). Relative Water Content (RWC) of the
leaves was measured using the following formula:

RWC (%) = [(W-DW) / (TW-DW)] x 100, where W, TW
and DW represent fresh weight, turgid weight and dry
weight of the samples, respectively (Barr and Weatherly,
1962).

RSA parameters such as the total root size (TRS; sum of
path length of seminal and lateral roots), lateral root size
(LRS; sum of path length of lateral roots as fraction of
TRS), first-order LR number (FOLRN; number of lateral
roots emerging from all the seminal roots), and second-
order LR number (SOLRN; number of lateral roots emer-
ging from first-order lateral root) were calculated from the
data retrieved from the images of roots captured using a
flatbed root scanner (Epson Perfection v700 Photo-Dual
lens system, Seiko Epson Corporation, Nagano, Japan) at
400 dpi, and was analysed using the WinRhizo software
(Regent Instruments Canada Inc., Arsenault et al. 1995).

The carbon (C) and nitrogen (N) metabolizing enzymes,
viz., pyruvate kinase (PK), citrate synthase (CS) and nitrate
reductase (NR), nitrite reductase (NiR), glutamine synthe-
tase (GS), glutamate dehydrogenase (GDH), glutamate-
oxoglutarate aminotransferase (GOGAT), were assayed in
200 mg of leaf tissues of rice seedlings as per the methods
described in Sinha et al. (2015 and 2018). The specific activ-
ity of NR, NiR and GS was expressed as pmoles/mg/min,
whereas the specific activities of GOGAT, GDH, PK, ICDH
and CS were expressed as AOD/mg/min.

RNA Extraction, RNA-Sequencing Using Next Generation
Sequencing (NGS) Platform and Quantitative Real-Time
PCR Assay

Two plants from each pot per treatment were sampled
for transcriptome studies; they were thoroughly washed
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with sterile ddH,O and the root and shoot tissues were
quickly separated and immediately frozen in liquid N.
Total RNA was extracted from these tissues using the
RNeasy Plant Mini Kit (Qiagen, India). RNA quality was
assessed using the RNA 6000 Nano assay kit in the Bioa-
nalyzer 2100 (Agilent, CA, USA). RNA samples from dif-
ferent biological replications were pooled, based on
equimolar concentration, before library construction. A
total of 16 libraries were constructed across the four
treatments involving two tissues (root and shoot) and
two genotypes (IR64 and N22) using the Truseq RNA
sample preparation kit (Illumina, Singapore) following
the manufacturer’s instructions. The insert size was 150
bp. The libraries were sequenced using paired end
(2X100 bp) Ilumina (Hiseq™ 2500) sequencing technol-
ogy. The raw reads were submitted to NCBI and are
available under the accession number GSE147158.

One pg of total RNA, isolated from individual samples
was used to prepare cDNA using the Applied Bio-systems
High-Capacity cDNA Reverse Transcription Kit (USA) as
per the manufacturer’s instructions Quantitative real-time
PCR (qRT-PCR) was performed for validation of some of
the DEGs identified from the RNA-seq data. Reaction mix-
ture of qRT-PCR was prepared using the required amount
of diluted cDNA as template, 0.3 pl (10 picomole) of each
primer, 15 pl 2xSYBR Green Master Mix (Agilent Tech-
nologies, USA) and 0.4 ul ROX fluorescence dye (diluted as
per the instructions given in manual) and nuclease-free
water for making a total volume of 30 pul qRT-PCR reaction
mix. The thermal profile was as follows: 95°C for 30s,
60 °C for 155, and 72 °C for 20 s for 40 cycles of amplifica-
tion. Three biological and technical replicates were used for
the experiment including 18S gene which was used as a
housekeeping gene for normalization.

Phenotyping and Genotyping of the Mapping Population
Five plants each from the parents and 253 RILs grown
in the progeny rows were randomly sampled from N+
and N- treatments and phenotyped. Panicles were sepa-
rated from the rest of the plant and dried. The straw was
finely chopped using a motorized chopper and then 20 g
straw from each of the five plants was weighed, pooled,
mixed homogenously and used for N estimation. Similarly,
the grains were also ground and the entire sample of the
five plants was pooled and mixed well for N estimation.
Straw N and grain N were estimated in three replications
from the pooled samples of each RIL using Dumas Nitro-
gen Analyzer NDA 701 (VELP Scientifica SRL, Italy) using
30-100 mg of sample. The N content was expressed both
as % and mg g~ '. Besides straw N (NN for N- and NP for
N+) and grain N (NN for N- and NP for N+) under N-
and N+ conditions, four more traits, viz., stress tolerance
index (STI) of straw and seed (Fernandez 1992) and stress
susceptibility index (SSI) of straw and seed N content
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(Fischer and Maurer, 1978) were also calculated. In brief,
STI was calculated as follows: STI = (Npx Ny)/(Xp)?
where Np is the N content of a genotype under optimal N
supply; Ny is the N content under stress or no external N
supply; and Xp is the mean N content of all genotypes
under optimal N supply. Similarly, SSI was calculated as
follows: SSI = 1-(Nn/Np)/SI where, Ny and Np were as in
the case of STI while SI was calculated as: 1-(Xy/Xp)
where Xy is the mean N content over genotypes under
stress and Xp is the mean N content under optimal N sup-
ply over genotypes.

For DNA marker genotyping, the SNP genotyping data
generated earlier on the same experimental material i.e.,
the RILs of IR64 X N22, for identification of heat toler-
ance QTLs, by Shanmugavadivel et al. (2017) was used.
In brief, a customized 5K SNP array comprising 5246
SNPs, designed using the Illumina Infinium® II probes
and dual colour channels (Kumar et al. 2015) was used
for genotyping the parents, IR64 and N22 and the
complete set of RILs.

Data Analysis

All the morpho-physiological and enzyme based traits
were analysed as described elsewhere (Sinha et al. 2018).
In brief, all measurements were with three biological
replicates and three technical replicates. Mean values
were presented for all the parameters with error bar
(standard error of means). F-test was conducted for
comparison of means using ANOVA. Least significant
difference (LSD) based critical difference (CD) at 5% was
calculated for treatment x genotype interactions. All the
analysis was done in MSTATC software. Curated SNP
data of the mapping population was readily available
from a previous study (Shanmugavadivel et al. 2017). For
the transcriptome analysis, high quality reads were fil-
tered from the raw reads by removing the low-quality
reads (with Phred Score<30 and read length <36 bp)
from 3’ and 5’ ends by the sliding window approach
using sickle trimming tool [https://github.com/najoshi/
sickle]. CLC genomics workbench v.12 was used for
mapping the reads and identification of differentially
expressed genes (DEGs). A rigorous comparison at FDR
(False Discovery Ratio) p value <0.05, and log, fold
change >2 (for up regulation), > -2 (for downregula-
tion) was performed to select DEGs. For biologically
meaningful comparisons, N+W+ treatment was used as
a base (control) and DEGs were identified between N+
W+ and each of the three stress treatments, viz., N-W+,
N+W- and N-W-, for each tissue within a genotype. We
previously reported the N responsive genes under opti-
mal water supply, (i.e., N+W+ vs. N-W+) (Sinha et al.
2018); those were included again in the present study
because only 47.35% of the reads could be mapped to
the reference genome in the previous study as the
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parameter used for ‘mapping the reads’ was too strin-
gent. Since CLC genomics workbench uses more flexible
parameters of mismatch cost: 2, length fraction: 0.5 and
similarity fraction: 0.8, more reads can be mapped. For
the functional descriptions of the identified DEGs, the
Rice Annotation Project Database (RAP-DB) was used.
For further understanding of the behaviour of gene ex-
pression under nitrogen and drought stress, Gene Ontol-
ogy (GO) terms enrichment analysis and pathway
analysis of the DEGs were carried out using the agriGO
(v2) web based tool (Gene Ontology Database Resource;
geneontology.org) and the KEGG mapper.

Markers showing segregation distortion were excluded
from the dataset prepared for map construction. Genetic
linkage map was constructed using Kosambi function in
MAPMAKER 3.0. Further, R/qtl package (Broman et al.,
2003) was used to determine the quality of the genotyp-
ing data. Outliers in the genotype as well as phenotype
datasets were removed. Composite interval mapping
(CIM) was executed with 500 permutations in QTL car-
tographer for identification of QTLs for all the eight
traits. Those loci detected with LOD score > 3 were de-
clared as QTLs. The results of the QTL analysis and
transcriptome studies were integrated by co-localizing
the DEGs identified with the N specific QTLs identified
in this study on the physical map of rice. Since we did
not carry out QTL analysis under drought in the present
study and the major QTLs known for drought stress are
for ‘yield under drought stress’ (Vikram et al. 2015;
Kumar et al. 2011), we did not attempt to integrate the
drought specific DEGs with the drought QTLs.
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