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Nitrogen is an essential nutrient for plants, but crop plants are inefficient in the acquisition
and utilization of applied nitrogen. This often results in producers over applying nitrogen
fertilizers, which can negatively impact the environment. The development of crop plants
with more efficient nitrogen usage is, therefore, an important research goal in achieving
greater agricultural sustainability. We utilized genetically modified rice lines over-
expressing a barley alanine aminotransferase (HvAIaAT) to help characterize pathways
which lead to more efficient use of nitrogen. Under the control of a stress-inducible
promoter OsAntT, OsAnt1:HVAIaAT lines have increased above-ground biomass with
little change to both nitrate and ammonium uptake rates. Based on metabolic profiles,
carbon metabolites, particularly those involved in glycolysis and the tricarboxylic acid
(TCA) cycle, were significantly altered in roots of OsAnt1:HVAIaAT lines, suggesting
higher metabolic turnover. Moreover, transcriptomic data revealed that genes involved
in glycolysis and TCA cycle were upregulated. These observations suggest that higher
activity of these two processes could result in higher energy production, driving higher
nitrogen assimilation, consequently increasing biomass production. Other potential
mechanisms contributing to a nitrogen-use efficient phenotype include involvements
of phytohormonal responses and an alteration in secondary metabolism. We also
conducted basic growth studies to evaluate the effect of the OsAnt1:HVAIgAT transgene
in barley and wheat, which the transgenic crop plants increased seed production under
controlled environmental conditions. This study provides comprehensive profiling of
genetic and metabolic responses to the over-expression of AlaAT and unravels several
components and pathways which contribute to its nitrogen-use efficient phenotype.

Keywords: alanine aminotransferase, nitrogen use efficiency, transgenic cereals, RNAseq, carbohydrate
metabolism
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INTRODUCTION

Nitrogen (N) is an absolute requirement for plant growth and
reproduction. Therefore, applying N fertilizer into cropping
systems is an essential practice to secure productivity. Global
N fertilizer consumption is more than 110 Mt per annum
with half of the total being used for the production of major
cereal crops (i.e., maize, rice, and wheat) (Ladha et al., 2016).
Although there have been continuous improvements of N use
efficiency (NUE) of crops over the years along with increases
in crop yield (Ortiz-Monasterio et al., 1997; Ciampitti and Vyn,
2012; Sadras and Lawson, 2013), more than 50% of applied
N fertilizers are unused by crops at the global scale (Raun
and Johnson, 1999; Lassaletta et al., 2014). Unabsorbed N
fertilizer in soil is an environmental concern due to leaching
and atmospheric release through volatilization (Vitousek et al,,
1997). Further improvement of NUE in crops is thus an
important aim in agriculture research and our future food
production capabilities.

Genotypic variation for NUE traits exists and has spurred
breeding activities to develop N use-efficient crops. Examples
of such genetic variation for NUE in cereal crops include
N accumulation in rice (Borrell et al., 1998) and wheat (Le
Gouis et al.,, 2000), N remobilization in maize (Hirel et al.,
2007), and vyield under low N (Le Gouis et al., 2000). It is
expected that further extension of the germplasm pool through
introgression of landraces and ancestral germplasm will help
breeding programs which drive future NUE-based outcomes
(Hawkesford, 2014). A recurrent difficulty is to identify the
genetic control linked to NUE phenotypes observed in the
field. This is due to the complexity of N metabolism during
plant growth stages and the influence of environmental factors
(DoVale et al., 2012).

There have been several studies attempting to improve
NUE via genetic engineering. Obvious candidate genes of
interest include the N transporters such as nitrate transporters
(NRT) and ammonium transporters (AMT). Overexpression of
OsAMT1;1 in rice failed to improve growth at low N and
showed variability in ammonium transport (Kumar et al., 2006).
More recently, Fan et al. (2016) showed an enhanced NUE
(~40%) phenotype in rice through the overexpression of the
nitrate transporter, OsNRT2.3b when grown under adequate N.
Some improvements in NUE were observed by manipulating
genes involved in N assimilation and regulation. These examples
include glutamine synthetase, glutamate synthase, amino acid
biosynthesis (such as alanine aminotransferase or asparagine
synthetase), transcriptional regulators such as Dofl (Kurai et al.,
2011; McAllister et al, 2012), and autophagy genes such as
ATGS8 (Yu et al., 2019; Fan et al., 2020a). Many of these studies
were complemented with genetic (transcript) and/or biochemical
profiling to study the physiological effects of manipulating
these genes. Information obtained from these approaches can
help decipher the role of a gene of interest in conferring an
observed phenotype. In particular, omics technologies (e.g.,
transcriptomics, metabolomics, and proteomics) are powerful
tools not only to characterize the plants of interest, but it could
also help identify candidate genes for improving NUE and other

traits (Hirai et al., 2004; Avice and Etienne, 2014; Mosleth et al.,
2015; Tiwari et al., 2020a,b,c).

In this present study, we conducted an in-depth physiological
and genetic profiling of rice lines over-expressing the barley
AlaAT gene, driven by the rice antiquitin (OsAntl) promoter
(OsAnt1:HvAlaAT). AlaAT catalyzes the reversible conversion
of glutamate and pyruvate to alanine and a-ketoglutarate, and
alanine can be a source of amino acid during hypoxia (Good
and Muench, 1993; Muench and Good, 1994; Miyashita et al.,
2007). Previously, AlaAT has been tested as a candidate to
improve NUE by targeted over-expression in the roots. Canola
lines overexpressing HvAIaAT (driven by the root-specific btg26
promoter) increased above-ground biomass production and
yielded more seed under various N levels (Good et al., 2007).
Rice lines over-expressing HvAIaAT, driven by the OsAntl
promoter, displayed higher root and shoot biomass production
(Shrawat et al., 2008; Beatty et al., 2013; Selvaraj et al., 2017).
In these latter works, metabolic profiling yielded inconclusive
results, and transcriptome analysis did not indicate a change
in N transport and assimilation. Transgenic sugarcane and
wheat plants with OsAntl:HvAlaAT also showed improved
NUE and/or biomass production (Snyman et al., 2015; Pefa
et al, 2017). Our current study is an extension of the
previous works in rice as mentioned above, including additional
physiological analyses on N influx, and in-depth metabolomics
and transcriptomic profiling. We also investigated the gene
technology in barley and wheat.

MATERIALS AND METHODS

Plant Materials

OsAnt1:HvAlaAT transgenic plants were produced in japonica
rice (Oryza sativa, cv. Nipponbare) as described in Shrawat
et al. (2008). Two events containing a single copy of the
transgene, determined by quantitative PCR (Supplementary
Figure S8A), were used for subsequent analyses. RNA expression
was demonstrated (Supplementary Figure S10A) as well
as increased AlaAT protein (Supplementary Figure S8B;
Skinner et al., 2012) and enzymatic activity (Supplementary
Figure S9). The transgene was transformed into barley (Hordeum
vulgare, cv. Golden Promise) using Agrobacterium-mediated
transformation and the method developed by Tingay et al
(1997) and modified by Matthews et al. (2001). Wheat (Triticum
aestivum, cv. Gladius) was transformed using microprojectile
bombardment as described by Kovalchuk et al. (2009). The
list of all experiments performed in this study is presented in
Supplementary Table S1.

Rice Field Trial

Confined field trials were conducted in Five Points, California,
from May to October, in 2008 and 2009 in flooded basins,
under both notifications by the USDA-APHIS and permits by
the California Rice Commission (CRC). Rice seedlings (Westside
Transplants, Huron, CA, United States) were transplanted at 3-4
leaf stage into flooded basins and supplemented with different
levels of N at several growth stages. Plots were 1 m x 4 m in size
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in a split-plot design with three replicates per genotype. Plants
were 10 cm apart with 50 cm between plots. N was applied in
the form of urea in three splits (e.g., for a total of 123 kg ha=!:
(1) 45 kg ha=! at basin preparation, (2) 33 kg ha=! 2 weeks
after transplanting, and (3) 45 kg ha™! at flowering). Water levels
were maintained to flood the basins throughout the trial until
4 weeks before harvest. Crops were harvested, and seed yield was
determined at grain moisture of 12%.

Plant Growth in Ebb and Flow

Hydroponic System in Growth Room

Rice seeds were dehusked, surface-sterilized and imbibed in
Petri dishes on a filter paper with sterilized deionized water.
Seeds were incubated in a growth chamber (100-130 pmol
m 2571, cycle of 12/12 h light/dark, 28°C) for 10 days. Uniformly
germinated seedlings were then transferred to one of two 700 L
ebb and flow hydroponic systems (Garnett et al., 2013), with
a complete fill/drain cycle of 15 min (two separate systems for
each N treatment). Each system contained 100 plants (20 plants
per genotype; five genotypes which included two independent
transgenic lines, nulls, and wildtype. Individual seedlings were
grown on mesh collars within tubes (300 mm x 50 mm). The
nutrient solution was a modified Johnson’s solution (Johnson
et al., 1957) containing (in mM), 0.5 N (9 units NO3:1 unit
NH4 ™), K:2.95, Ca:1.25, Mg:0.5, $:1.25 and P:1 for the 0.5 mM
N treatment, and 2.5 N (9 units NO3~:1 unit NH4T), K:3.05,
Ca:1.75, Mg:0.5, S:0.5, P:1 for the 2.5 mM N treatment. Both
treatment solutions also contained (in wM): Mn:2, Zn:2, B:25,
Cu:0.5, M0:0.5, Fe:100 (as Fe-EDTA). The hydroponic system
was situated in a controlled environment room with a day/night
cycle of 14/10 h, 26/20°C, with a flux density at the canopy
level of ¢. 650 wmol m~2s~! and relative humidity of 60%.
Solutions were maintained between 19 and 21°C. Solution pH
was maintained between 5.8 and 6.2 using CaCO3 and changed
every 7 days. After grown 6 weeks in the system, the plants
were subjected to study for N fluxes, metabolic profiling, and
transcriptome analysis.

Whole Season Rice Growth in

Glasshouse

Seedlings were prepared as above and placed in square pots
(I3 cm x 13 cm) containing diatomaceous stones. The pots
were placed in black trays (40 plants/tray) with a continuous
fill/drain cycle hydroponics system using the same nutrient
solution composition as above (2.5 mM N), with the solution
replaced every 10 days. Plants were grown during a summer
growth season (2013/2014) in a glasshouse with a day/night
temperature of 28/20°C and relative humidity of approximately
65%. Shoots and grains were harvested at maturity and oven-
dried at 80°C for 48 h.

Barley and Wheat Growth in Glasshouse

Barley lines were grown in pots (15 cm in diameter and height)
containing coco peat potting mix (Tiong et al, 2014) in a
single N treatment (110 mg kg~! soil from Ca(NO3),, plus
400 mg kg~ ! soil from slow-release Osmocote® fertilizer). Three

independent transgenic lines were used, along with nulls and
wildtype, with ten replicates per line. Wheat lines were grown
in soil bins (W110 x D90 x H70 cm) consisting of 700 kg
soil mix (1:1 ratio of cocopeat-mix:UC Davis mix, Nauer et al.,
1967). Plants were grown in a glasshouse with approximately
24/13°C day/night temperature. Two N treatments were used:
N40 (40 kg N ha=!) and N80 (80 kg N ha—!) applied as urea
at planting. Three independent transgenic lines were used for
each N treatment, along with nulls and wildtype. Each line was
grown in a row of 10 plants per replicate. We had four replicates,
totaling to 40 plants per line with each N treatment. Reverse
osmosis water was used for watering during the experiment.
Shoots and grains were harvested at maturity and oven-dried at
80°C for 48 h.

NO;~ and NH4™ Influx Measurement

On sampling days, between 11:00 and 13:00, plants from the
ebb and flow system were transferred to nutrient solutions
chemically identical to the ones they were grown in. Roots
were then given a 1 min rinse with the same nutrient solution
containing either 100 or 1000 pM NO3;~ or NH4™, followed
by 10 min of exposure to the same solution, but with °N-
labeled NO3~ or NH4T (°N, 30 atom%). The concentration of
100 wM was used as it is thought to be close to saturation of
the high-affinity transporter system (HATS) and 1000 pM would
include both HATS and low-affinity transporter system (LATS)
uptake (Siddigi et al., 1990; Kronzucker et al.,, 1995; Crawford
and Glass, 1998). At harvest, roots and shoots were separated,
dried (5 days, 60°C), weighed and ground. '°N content of dried
plant samples was determined using an EA-IRMS (University
of California, Davis Stable Isotope Facility). Mean LATS influx
values were calculated by subtracting the mean 100 uM influx
value from that of 1000 M at the same time-point and treatment
(Okamoto et al., 2003).

Tissue NO3;~ Determination

NO3~ was extracted from 5 mg of homogenous finely-ground
freeze-dried plant tissue added to 1 ml MilliQ-H,O and boiled
in a water bath (20 min, 95-100°C). Nitrate was measured
by the Cataldo’s method (Cataldo et al., 1975) where the
complex formed by nitration of salicylic acid under highly acidic
conditions was measured at 410 nm in basic solutions.

Tissue NH;* Determination

NH4T was extracted from 10 mg of homogenous finely-
ground freeze-dried plant tissue added to 1 ml MilliQ-H,O
and mixed vigorously for 30 min. The filtered extracts were
then measured for NH4 " by a phenol-hypochlorite method for
determining ammonia in water using nitroprusside as catalyst
(Soldrzano, 1969).

RNA Isolation, RNA Sequencing, and
Quantitative Real-Time RT-PCR

Briefly, total RNA from roots and shoots of rice was prepared
using TRIzol™ reagent according to the manufacturer’s
instructions (Invitrogen) and treated with DNase I (Ambion).
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The RNA was used for RNA-Seq (100 ng RNA per sample),
and for QRT-PCR. For RNA-Seq, RNA from four biological
replicates of roots and shoots of one transgenic, OsAnt1:HvAlaAT
overexpressing event, and two biological replicates of roots and
shoots of the corresponding null and wildtype (spp. Nipponbare)
were used (totaling to 16 samples). The non-stranded Illumina
TruSeq libraries were prepared and run on a HiSeq 2500 to give
2 x 100 PE reads at Australian Cancer Research Foundation
Cancer Genomics Facility. For QRT-PCR, two micrograms of
total RNA were used to synthesize cDNA with SuperScript™
III reverse transcriptase (Invitrogen). Three biological replicates
were used for transcript analysis with three technical replicates
for each ¢cDNA sample. Normalization was carried out as
described by Vandesompele et al. (2002). The normalized copies
pg~ ! RNA were used to represent transcript levels. The primer
sequences for all genes analyzed are listed in Supplementary
Table S2.

Metabolite Quantification

Ground lyophilized rice shoot and root tissues were used for
this analysis. Chemicals and metabolite standards were pure
(>98%) and were purchased from Alfa Aesar (Ward Hill, MA,
United States), EMD Millipore (Billerica, MA, United States)
or Sigma Aldrich (St Louis, MO, United States). Metabolites,
including free amino acids, were extracted as described by
Hacham et al. (2002). Tissue (35 mg leaf and 15 to 20 mg
root) was extracted in 1 mL of 0.1 M HCI, containing 0.2 mg
each of D7-Glucose (1,2,3,4,5,6,6-d7, 97 atom%, Sigma Aldrich),
0.2 mg of D7-L-Alanine [CD3CD(ND2)COOD, 98 atom%, CDN
Isotopes, Point-Claire, Quebec] and D3-methionine (S-methyl-
d3, 98 atom%, CDN Isotopes) as internal standards. Samples
were periodically vortexed in the 0.1 N HCI solution at RT
for 1 h followed by the addition of 1 mL methanol and
0.5 mL chloroform and extraction of metabolites by vortexing
(three times for 10 s on high) before the two phases were
separated by centrifugation (3,000 rpm, 15 min). The upper
polar phase was dried under nitrogen and the dry residue
derivatized with 100 pl of 20 mg mL~! methoxylamine
HCI in dry pyridine (50°C, 1 h), followed by 100 pL of
MSTFA + 1% TMCS (50°C, 1 h) before analysis by full-
scan GC/MS (Agilent 6890/5973i), as described by Roessner
et al. (2000). Quantification of metabolites was based on
internal standard calibration curves using standards at nine
concentrations ranging from 1 to 100 pg (extracted and
derivatized as above). Alanine and methionine were quantified
using their heavy isotope internal standards while all other
metabolites employed D7-Glucose as the internal standard.
Duplicates of each sample were processed and analyzed whenever
sufficient tissue was available.

The method precision and accuracy were tested using seven
samples each of ground pooled wildtype rice leaf; leaf tissue
spiked with 10 pg of each metabolite standard; and a mixture
of all metabolite standards without tissue matrix. The average
precision (RSD) for all metabolites was 18% for rice leaf, 11% for
metabolite-spiked rice leaf, and 8% RSD for standards without
matrix. The accuracy of the method using a mixture of all
metabolite standards averaged 84.5%.

Bioinformatics

Read Filtering, Mapping and Differential Expression
Analysis

The raw data obtained were subjected to quality control
using FastQC version 0.11.2', and the reads were filtered
out for mapping to organelle and rRNA sequences using
Bowtie2 version 2.2.3 (Langmead and Salzberg, 2012). Rice
chloroplast and mitochondrial sequences were downloaded
from ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_
Projects/o_sativa/annotation_dbs/pseudomolecules/ and
rRNA sequences were from the NCBI nucleotide database
http://www.ncbi.nlm.nih.gov/. Bowtie indices were constructed
with the “bowtie2-build” command using - offrate 1, -large-
index parameters from the sequence fasta files. Ungapped
alignments were performed, and reads which were mapped with
<2 mismatches were thrown out. Other parameters used for
Bowtie2 were -N 1, -L 10, -i §,1,0.25, -D 30, -R 4, -mp 2, -np
2, -ma 0 and -score-min L,4,0.

The reads were mapped to the O. sativa subsp. japonica
reference genome (build MSU7.0) ftp://ftp.plantbiology.
msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_
dbs/pseudomolecules/version_7.0/all.dir/ using TopHat
version 2.1.0 (Trapnell et al, 2009). This software requires
Bowtie2 and SAMTools (Li et al., 2009) downloaded from
http://samtools.sourceforge.net/version 0.1.19. The reference
sequence file and the gff3 files were added with the sequence
of OsAntl:HvAlaAT, and Bowtie2 index was built using
“bowtie2-build’command and the same parameters as described
above. Further standard TopHat parameters with -G option
were used with the exception of the following options: -N
1, -read-gap-length 0, -read-edit-dist 1, -no-discordant, -
no-mixed, -b2-rdg 999999, -b2-rfg 999999, -b2-N 1, -b2-L
10, -b2-i §,1,0.25, -b2-D 30, -b2-R 4, -b2-mp 2,2, -b2-np
2, -b2-score-min L,-2,0, -i 16, and -1 20000. All sixteen samples
were mapped separately using the same TopHat settings. Finally,
after running Cuffcompare, Cuffdiff program was run for roots
and shoots samples with -b option. This methodology was
called differential gene expression analysis without gene and
transcript discovery.

Transcription Factor (TF) Encoding Genes

All TFs for Oryza sativa cv. japonica were downloaded from http:
/Iplntfdb.bio.uni- potsdam.de/v3.0/downloads.php?sp_id=OSA]J.
The differentially expressed genes from Cuffdiff output in
roots and shoots tissue samples were assigned to different TF
families according to the Plant Transcription Factor Database
assignments’. Expression information for these genes was from
the Cuftdiff output.

Gene Ontology Enrichment Analysis

Gene Ontology enrichment of differentially expressed genes was
performed using BiNGO tool (Maere et al., 2005). The metabolic
pathway data available in the RiceCyc database of Gramene
(Jaiswal et al., 2006) were analyzed to identify the enriched

Uhttp://www.bioinformatics.babraham.ac.uk/projects/fastqc/
Zhttp://plntfdb.bio.uni- potsdam.de/v3.0/
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metabolic pathways in various gene sets. Both the GO and
pathway enrichment analyses were performed at p-value cut-off
of <0.05 after applying Benjamini-Hochberg correction.

RESULTS

Phenotypic Assessment of Growth and
Yield: OsAnt1:HvAIaAT-Transformed

Rice, Barley and Wheat Lines

Two independent transgenic homozygous OsAnt1:HvAlaAT rice
lines in Oryza sativa, cv. Nipponbare background (henceforth
known as N004-034 and N053-005), along with corresponding
nulls and wildtype (non-transformed) control were assessed for
growth parameters in two hydroponics systems: (1) a tank-based
ebb and flow recirculation system located inside a temperature-
controlled growth chamber and (2) a continuous fill/drain
cycle system inside a glasshouse with natural and supplemented
lighting. After 42 days of growth (52 days after seed imbibition,
DAI) in the ebb and flow system with 0.5 mM N (low N)
in the nutrient solution, both transgenic lines displayed higher
shoot dry weight (DW) compared with nulls and wildtype
(by 16-38%) (Figure 1A). However, under 2.5 mM N (high
N), only line N053-005 displayed significantly higher shoot
DW compared to both its null and wildtype by 33 and 27%,
respectively (Figure 1B). There were no significant differences
in root DW between all genotypes in both N treatments
(Supplementary Figure S1).

The OsAntl:HvAlaAT rice lines were also grown in 0.5 and
2.5 mM N (low and high N, respectively) for one growth season
(2013/2014) in a continuous fill/drain cycle hydroponics system
located in a glasshouse. Although not statistically significant,
N004-034 consistently yielded more grain (Figures 1C,D).
This was surprising, as N053-005 had higher shoot biomass
than N004-034 at a vegetative stage in the previous growth
chamber experiment (Figures 1A,B). This outcome may be
explained by harvest index (ratio of grain yield to total above
ground biomass). Although not statistically significant, N004-
034 consistently showed a higher harvest index than all other
genotypes (Supplementary Figure S2).

The OsAntl:HvAlaAT rice lines (cv. Nipponbare) were also
grown in the field for one season (May to October 2009 in
Five Points, California) to assess grain yield performance in
agricultural conditions under limiting N. Both transgenic lines
displayed higher grain yield with N004-034 having significantly
higher grain yield compared to its null and wildtype by
23 and 13%, respectively. For N053-005, grain yield was
only significantly higher than its null by 11% (Figure 1E).
Additionally, we assessed the grain yield performance of a single
transgenic rice line in an Oryza sativa, cv. Taipei background
and the transgenic line also showed 30% higher grain yield
compared to wildtype in the field condition (Supplementary
Figure S3).

To determine the versatility of OsAnt1:HvAlaAT to improve
NUE in other cereal crops, the construct was transformed into
barley and wheat. Growth trials using homozygous (T2 barley,

T4 wheat) lines were conducted in either soil pots (barley) or
large soil bins (wheat) in a controlled-environment glasshouse. In
both studies, there was evidence that selected OsAntl:HvAlaAT
expressing lines from both barley and wheat resulted in greater
shoot biomass and grain yield compared to controls (Figure 2).
For instance, two independent transgenic barley lines, GP4
and GP23, had significantly higher grain yield compared with
their nulls by 226 and 37%, respectively. GP23 also had
significantly higher grain yield than WT by 63% when grown
under adequate N (only one N treatment was used for barley)
(Figure 2B). In wheat, when grown under 80 kg N ha™! (high
N), line GL45 displayed significantly higher shoot biomass only
against the null by 26% but had significantly higher grain yield
compared to both null and wildtype by 32 and 47%, respectively
(Figures 2C,D). Line GL77 displayed significantly higher grain
yield only against WT by 36% when grown under high N
(Figure 2D). These observations are reflective of results seen in
rice (Figure 1).

Nitrogen Uptake in OsAnt1:HvAIaAT Rice

Lines

Further physiological and molecular characterizations were
carried out with the rice lines. First, N influx studies were
conducted with OsAntl:HvAlaAT rice lines in Oryza sativa,
cv. Nipponbare background grown hydroponically using an
ebb and flow system at 0.5 or 2.5 mM N (low and high
N, respectively). At 52 DAI, intact plants were subjected to
separate treatments of either >NO3;~ or 'NH4T at 100 or
1000 WM to measure the constitutive high-affinity transport
system (HATS) or low-affinity transport system (LATS) uptake
activities, respectively.

In general, NO3 ™ influx into plants grown at low N was
higher than those grown in high N (Figures 3A-D). This may
be a response to an extended period of low N availability. For
the transgenic lines, HATS NO3~ influx was similar to the
nulls and wildtype control regardless of prior N treatments
(Figures 3A,B). Correspondingly, the LATS NO3~ influx of
both low and high N-grown transgenic lines were similar
to the nulls and wildtype (Figures 3C,D). There were no
differences in total NO3~ accumulation between all genotypes
(Supplementary Figure $4).

With NH,T, there was an overall increase of influx (HATS
and LATS) in plants previously grown at low N compared to
those grown in high N (Figures 3E-H). Between genotypes,
there was no difference in either HATS or LATS NH4*
influx, regardless of previous treatments (Figures 3E-H). As
observed with the NO3;~ influx studies, there was also no
difference in total NH4T accumulation between genotypes
(Supplementary Figure S5).

Total N accumulation in plants grown in low N was not
significantly different from that of plants grown in high N
(Supplementary Figure S6). However, the shoot N accumulation
of N005-035 was significantly higher than its null and wildtype
previously grown under low N, but this trend was not observed
when grown under high N. In summary, under the conditions
examined in this study, there is little evidence to suggest
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FIGURE 1 | Shoot biomass and grain yield of rice plants expressing OsAnt1:HvAIaAT grown in hydroponics and field (grain yield only for the latter). Two T9
independent homozygous lines (Gene of Interest, GOI, black bars), their corresponding nulls (white bars) and wildtype (WT, gray bars) were assessed for biomass
and grain yield. Plants were grown in an ebb and flow hydroponic system under 0.5 mM (A) and 2.5 mM N (B) for 42 days for vegetative shoot biomass (A,B), and
grown to maturity in a fill/drain cycle hydroponic system under 0.5 mM (C) and 2.5 mM N (D) for grain yield (C,D). Means and SE values (error bars) of five replicates
are presented, while asterisks indicate the least significant difference at P < 0.05 against both null and WT*. These lines were also field tested (Five Points, California,
2009) under limiting N (E). In total, 123 kg N ha"! was supplied throughout the season, corresponding to approximately 70% of typical N rates for rice in California.
Means and SE values (error bars) of three replicates are presented, while asterisks indicate least significant difference at P < 0.05 against both null and WT* or
against null only**.

directed overexpression of HvAlaAT had any impact on the Another N influx study was conducted with OsAnt1:HvAIaAT
rate of NO3~ or NH;T uptake (HATS or LATS) into the rice lines in Oryza sativa, cv. Taipei background with the same
hydroponically grown plants. setup as above using one independent transgenic line. Similar
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FIGURE 2 | Shoot biomass and grain yield of glasshouse-grown barley and wheat plants expressing OsAnt1:HvAIaAT. Transgenic plants of three independent
homozygous lines, null and wildtype were grown in a glasshouse. For barley (A,B), T2 lines were grown in a single N treatment [110 mg as Ca(NOg)», 400 mg as
Osmocote N kg™ soil] in individual pots. For wheat (C,D), T4 lines were grown in rows of ten in soil bins under two N treatments (N40, 40 kg N ha™'; N80, 80 kg N
ha ). Asterisks indicate least significant difference at P < 0.05 against null and WT*, only against null**, or only against WT***. Means and SE values (error bars) of

to the results observed in cv. Nipponbare background, the
transgenic Taipei rice line displayed no differences in NO3 ™~ or
NH, " uptake (HATS or LATS) compared to its null and WT
(Supplementary Figure S7).

Metabolic Profiling in OsAnt1:HvAlaAT
Rice Lines

Metabolic  profiling by GC-MS was performed on
OsAntl:HvAlaAT rice lines root and shoot tissues from
samples grown under 0.5 and 2.5 mM N (low and high N,
respectively). The metabolite profiles highlighted many instances
where both OsAntl:HvAIaAT lines simultaneously displayed
either significantly higher or lower concentration differences to
wildtype (Figure 4 and Supplementary Tables S3A,B, S4A,B).
However, this was not witnessed in comparison with nulls,
whereby many metabolites were either higher or lower in
one line compared to its null, but reversed in the other
line (Supplementary Tables S3C,D, S4C,D). Furthermore,
pyruvate was the only metabolite where, when grown under
high N, both lines displayed a consistent difference (higher)
compared to both their wildtype and nulls (only in roots;
Supplementary Tables S4B,D).

In the comparison between the transgenic lines and wildtype
under low N (0.5 mM), significant reduction in carbohydrates,
namely glucose, fructose and arabinose, was observed in roots,
while arabinose and ribose were lower in shoots (Figure 4

and Supplementary Tables S3A,B). Metabolites involved in
the TCA cycle were altered in the transgenic lines compared
to the wildtype in shoots, with citrate and isocitrate elevated
and fumarate decreased (Figure 4A and Supplementary
Table S3A). In addition, gamma aminobutyric acid (GABA)
was increased while phosphoric acid was decreased in shoots.
Although the sum of total free amino acids showed no
difference, some amino acids displayed significant changes
in shoots. For example, glutamate, glycine and threonine
were elevated, while glutamine, asparagine and lysine were
decreased (Figure 4A and Supplementary Table S3A). Similarly,
asparagine was decreased in roots, while the other amino acids
were unchanged in comparison to the wildtype (Figure 4B and
Supplementary Table S3B).

Under high N (2.5 mM), the number of changes was reversed
compared with low N, with shoots showing fewer changes
than roots (Figure 4 and Supplementary Tables S4A,B). Only
2-hydroxyglutarate was decreased in both tissues (Figure 4
and Supplementary Tables S4A,B). In roots, leucine and
isoleucine were decreased, while lysine and tyramine were
elevated (Figure 4B and Supplementary Table $4B). Among the
metabolites, oxalic acid and pyruvate were increased relative to
wildtype (WT) (Figure 4B and Supplementary Table S4B).

Alanine was below the level of detection in the roots of
low N-grown plants, while there was no difference in alanine
concentration in OsAntl:HvAIaAT lines compared to controls
in either tissue under the high N treatment (Figure 4 and
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Supplementary Tables S3A,B, S4A,B). This is unexpected, as
the overexpression of AlaAT, which did result in abundant
AlaAT protein expression and enzyme activity (Supplementary
Figures S8, S9 and Supplementary Method), would be expected

to result in a higher rate of alanine production. However, as the
reaction catalyzed by AlaAT is reversible, we may not be able to
accurately predict the proportion of substrate/product based on
enzyme activity alone.
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Deep Sequencing Transcriptomics of
OsAnt1:HvAIaAT Rice Lines

Transcriptome Sequencing

Root and shoot samples of N053-005 grown under 0.5 mM N
(low N), along with its null and wildtype, were used for RNA-Seq
analysis. N053-005 was chosen on the basis that it demonstrated
the clearest physiological difference compared to its controls
(Figures 1A,B). We constructed non-stranded Illumina TruSeq
libraries and generated a total of approximately 622 million
paired-end sequence reads from 16 root and shoot samples
(ranging from 28 to 47 million reads for each sample). The reads
were filtered for organelle or rRNA sequences. The remaining
reads were aligned to the rice reference genome using TopHat;
approximately 80-84% of the reads were mapped.

Differential Gene Expression Analysis

Differential gene expression analysis was performed using
Cuftdiff, which resulted in 1469 differentially expressed genes
(DEGs) in the gene of interest (GOI):WT comparison, while
the GOLNull and NulblWT comparisons had 702 and 1435
DEGs, respectively, in roots (Figures 5A,B). The ratio of DEGs
that were upregulated in the roots of both GOLWT and
Null:WT comparisons far outweighs that of the downregulated
ones, whereas an opposite trend was observed in the GOL:Null
comparison (Figure 5A). In the shoots, the GOI:WT comparison
shows the largest number of DEGs at 814. Meanwhile, the

GOL:Null and Null:WT comparisons had 455 and 211 DEGs,
respectively (Figures 5A,B). It is worth mentioning that the
impact the transgene has on the overall transcriptome is minor; of
the 66,124 total transcripts, the total number of DEGs in GOLWT
and GOL:Null comparisons in both roots and shoots accounts
for only around 3 and 2%, respectively. The lists of DEGs for
GOLWT and GOI:Null comparisons in roots and shoots are
present in Supplementary Tables S5-S8.

We are also interested in the DEGs which overlapped between
the GOI:WT and GOL:Null comparisons (70 DEGs in roots,
and 244 DEGs in shoots; Figure 5B). From the GO enrichment
analysis of the overlapping DEGs, significant GO categories are
represented by metabolic processes and stress response in both
roots and shoots (Supplementary Tables S9, S10).

Expressions of genes associated with N uptake and
assimilation were largely unaffected by the AlaAT transgene
overexpression (Supplementary Tables S5-S8). Only five such
genes showed changes in expression in the GOL:WT comparison:
OsAMT1.3 and OsNRT2.1 were downregulated in the roots,
OsNRT1.2 was upregulated in the roots, and a putative nitrate
reductase (LOC_0Os02g53130) and a putative nitrite reductase
(LOC_0s02g52730) were downregulated in the shoots and
roots, respectively.

To validate the results from RNA-Seq, several differentially
expressed genes reported previously (Shrawat et al, 2008;
Beatty et al, 2013) were selected for quantitative RT
PCR (QRT-PCR) analysis (Supplementary Figure S10 and
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FIGURE 5 | Differential gene expression of OsAnt1:AlaAT rice line NO53-005
(GOI) compared with its null and wildtype (WT) in roots and shoots under

0.5 mM N (A,B). The number of up- and down-regulated genes (white and
gray bars, respectively) is shown in the bar graph (A), with the number of
specific transcripts (i.e., transcripts unique only to each comparison) being
shown on top of each bar. The Venn diagram (B) shows the number of genes
differentially expressed in each of the genotype comparisons. The numbers of
differentially expressed transcripts between OsAnt1:HvAIAT lines and
wildtype/nulls representing different transcription factor families are shown in
roots (C) and shoots (D).

Supplementary Table S2). The chosen genes include root-
specific genes (OsPRX20, OsGER2, and OsAMTI;3; Druka
et al., 2002; Passardi et al.,, 2004) and one shoot-specific gene
(OsRIR1a; Mauch et al., 1998). The QRT-PCR analysis revealed
a similar expression pattern to RNA-Seq for all selected genes
(Supplementary Figure S10B). In the same experiment, we
also included additional AMT (OsAMT3;2 and OsAMTI;1) and
NRT (OsNRT2;2, OsNRTI;1, and OsNRT3;1) genes, and there
were no significant differences in the expression level of these
N transporters in OsAntl:AlaAT lines compared to wildtype
(Supplementary Figure S10C).

Gene Ontology (GO) Enrichment Analysis of DEGs in
GOIL:WT and GOI:Null Comparisons

The rice transcripts were assigned GO terms under biological
process, molecular function and cellular component categories.
Among the differentially expressed biological process terms,
metabolic processes were most represented in both roots and
shoots (Supplementary Figures S11A,B). In the molecular
function GO terms, the largest number of transcripts
belonged to catalytic activity and binding in roots and
shoots (Supplementary Figures S11A,B). Among the cellular
component GO terms, the transcripts related to cell and
membrane were the largest in number in both roots and shoots
(Supplementary Figures S11A,B).

The BiNGO tool was also used to determine the enriched GO
categories represented in the DEGs between the OsAnt1:HvAlaAT
lines, wildtype and nulls in roots and shoots. Clearly, GO
terms associated with various metabolic processes such
as carbohydrate metabolism, chitin catabolism, and lipid
biosynthesis/metabolism were significantly enriched in both
tissues (Supplementary Figure $12). GO terms associated with
nucleic acid (DNA and RNA) binding were also significantly
enriched in roots of GOL:WT (Supplementary Figure S12A).

Transcription Factor Analysis

We further analyzed the rice sequencing data to identify the
transcription factor (TF)-encoding genes. A total of 195 DEGs
encoding TFs were identified in the GOI:WT comparison, with
124 in roots and 71 in shoots, whereas a total of 126 DEGs
were identified in the GOLNull comparison, with 67 in roots
and 59 in shoots (Figures 5C,D). In both roots and shoots, there
were no similarities in expression patterns between GOI:WT and
GOIL:Null comparisons. For example, for TF AP2-EREBP genes
in the roots, there was an upregulation of 23 DEGs in GOL.WT
(with no downregulated DEGs), while in GOI:Null, there was
an upregulation of only five and downregulation of four DEGs
encoding this TF (Figure 5C). Furthermore, in the shoots, WRKY
genes were most abundantly upregulated in GOI:WT (10 DEGs),
but instead had 8 DEGs downregulated in GOI:Null (Figure 5D).
Notably, there were a lot more DEGs encoding for TFs that were
being upregulated in GOL:WT compared to GOI:Null in both
roots and shoots (Figures 5C,D).

Metabolic Pathways Associated With DEGs
Many of the identified DEGs encode enzymes involved in various
metabolic pathways. We constructed MapMan figures for better
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FIGURE 6 | MapMan diagrams of differentially expressed genes between OsAnt1:HvAI2AT lines and wildtype for metabolism overview (A), secondary metabolism
(B), and biotic stress response (C). Color shades represent upregulation (red) or downregulation (blue) of genes.

visualizations of the specific processes within several categories
that showed strong significance in GO enrichment. On this basis,
metabolism overview, secondary metabolism, and biotic stress
are presented in Figures 6A-C, respectively.

This observation tool identified clusters of gene activities
related to secondary metabolism, most of which were upregulated
in roots, particularly those involved in the non-Mevalonate
(MVA) pathway, and in the production of flavonoids,
phenylpropanoids, terpene, and terpenoids (Figure 6B). This
is supported by the upregulated GO terms, which, for instance,
showed that genes involved in terpene production via the

non-MVA pathway were significantly upregulated (two terpene
synthase genes, LOC_0Os02g36140.4 and LOC_0Os03g24690.1;
Supplementary Table S5).

The MapMan representation of pathogen/pest attack
(Figure 6C) also indicated many hormonal signaling pathways
that were significantly upregulated in both roots and shoots,
including ethylene production. Indeed, several genes involved in
ethylene production, such as ethylene-responsive transcription
factors (LOC_Os04g46220.1 and LOC_0s02g43790.1) and
cystathionine = gamma-synthase (LOC_Os10g25950.1 and
LOC_0Os10g37340.1) were upregulated in the transgenic rice
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Nitrogen Metabolism

lines (Figure 6B and Supplementary Table S5; Hacham et al,,
2002; Avraham et al., 2005; Kim et al., 2006). However, these
genes were also highlighted in the comparison between GOI
and null (downregulated) or null and wildtype (upregulated)
(Supplementary Figure S13). It is also interesting to note
that clusters of gene activities related to cell wall synthesis
were upregulated both in root and shoot (Figure 6C and
Supplementary Figure S13).

DISCUSSION

HvAIaAT Confers Advantageous Biomass

Production and N Acquisition
The current study provided further evidence that in rice, the
overexpression of OsAnt1:HvAIaAT can increase shoot biomass

and grain production (Figure 1). This outcome is in agreement
with previous studies (Shrawat et al., 2008; Beatty et al,
2013; Selvaraj et al, 2017), and demonstrated the ability of
the transgene to confer a growth response in both controlled
and non-controlled environments with a supply of N fertilizer
(Figure 1). There was no N response in biomass in the growth
chamber experiment (Figure 1A). This is probably due to the
hydroponic system (i.e., 700 L capacity), which enables a steady
N supply even at low concentration. When maize plants were
grown at 0.5 and 2.5 mM N in the same system, no biomass
difference was observed through the lifecycle (Garnett et al.,
2013). In parallel studies, selected OsAntl:HvAlaAT transgenic
barley and wheat lines showed increased shoot biomass and
seed production compared to the control plants (Figure 2).
Across all of our studies, root biomass was unaffected in the
transgenic rice lines, regardless of N treatment. This contradicts
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previous reports as OsAnt1:HvAlaAT rice lines produced higher
root biomass than controls when the plants were grown in NO3 ™~
(but not in NH,™T; Shrawat et al., 2008), whereas Beatty et al.
(2013) showed that the transgenic rice lines had increased shoot
and, to some extent, root biomass as compared to controls at
a range of NH4 1 concentrations. In an African rice (NERICA)
background, the OsAntl:HvAlaAT transgenic lines showed no
or limited increase in biomass of 43-day-old plants under low
N condition (Selvaraj et al., 2017). These results suggest that
biomass increase of the transgenic lines during the vegetative
growth stage may be moderate at a non-significant level. Still,
it is accumulative throughout the growth stages, resulting in a
significant increase in biomass and seed yield. The physiological
characterizations also provided a similar trend as we discuss next.
Further testing of plant growth in different N regimes and growth
systems over the lifecycle may present a clearer picture of the N
response phenotype, including root architecture.

We observed no difference in NO3;~ and NHy*t influx
in OsAntl:HvAlaAT lines (Figure 3), whereas Good et al.
(2007) showed increased NO3~ HATS activity in canola lines
overexpressing HvAlaAT. The contrasting findings may be due
to the differences in growth condition and developmental stage
when uptake was measured, or due to differences between species
altogether. Although the N uptake step was not statistically
significant, the rice transgenic lines might have some advantages
in N acquisition, resulting in more N accumulation (e.g., N053-
005) and increased biomass across the lifecycle (Figure 1
and Supplementary Figure S5). The increased glutamate and
decreased glutamine levels in the shoots of low N plants (Figure 4
and Supplementary Table S3A) may be the results of disturbed
N assimilation triggered by increased AlaAT activity. However,
there was no evidence of a significant change of glutamine
synthetase and glutamate synthase (GS-GOGAT) activity based
on the DEGs analysis (Figure 7). Future studies involving N
tracer isotopes could also help in determining the fate of N within
different organs in transgenic lines.

Which Is the Right Control, Wildtype vs.

Null?

It is clear that the DEGs in the GOLWT and GOIL:Null
comparisons display very differing patterns, agreeing with a
large number of DEGs obtained in the Nul:WT comparison
(Figure 5A). This is unexpected, as null and wildtype should
be genetically identical, and the DEGs between these two
genotypes should be few in theory. However, our results
suggest that wildtype and null differ to a degree at the
transcriptional and metabolites level (Figures 4, 5). Interestingly,
the null plants of GP4 barley transgenic lines also showed
singnificantly lower grain yield compared to wildtype and
the transgenic line (Figure 2B). Null segregants are often
considered as the right controls as those lines also undergo the
transformation process that includes Agrobacterium-mediated
or particle bombardment transformation, cell culture, and
hormone-induced organogenesis. Interestingly, it has been
shown that Agrobacterium-mediated rice transgenic plants
carried more unintended genomic mutations compared to

particle bombardment or electroporation methods (Labra et al.,
2001; Wilson et al., 2006). More recently, Fan et al. (2020b)
reported the tissue culture process possibly causes epigenetic
alterations in the rice genome. However, the stability of the
epigenetic alterations may differ depending on the genetic
background and may potentially be suppressed after some
generations (Fan et al., 2020b). Those genomic alterations are
heritable and independently segregate from GOI, which means it
is possible that null segregants and GOI lines could carry different
genomic profiles apart from the GOL. In this case, wildtype can be
a better control as it has a less “noisy” genomic background. Our
transgenic rice and barley lines were produced by Agrobacterium-
mediated transformation, and that might explain the discrepancy
between the nulls and wildtype. To isolate genetically cleaner
nulls, one could backcross GOI with wildtype a couple of times
before screening for nulls. In this way, pleiotropic effects from un-
expected genomic alterations could be minimized. Alternatively,
one could isolate a few null segregants from each transgenic
event at T2, or T3 stage and characterize them individually
along with wildtype.

Overexpression of AlaAT Did Not Affect

Alanine Levels
There were no differences in alanine levels across all genotypes
and N treatments, despite the abundance in HvAIdAT
gene expression in OsAntl:HvAlaAT lines (Supplementary
Figure S10A). Our growth experiments with these rice lines
showed increased enzymatic activity of total AlaAT in both roots
and shoots grown in a mixed N source [NH4NOj3 and Ca(NO3);]
(Supplementary Figure S9). This is consistent with other reports
on similar rice lines (Shrawat et al., 2008; Beatty et al., 2013). We
also confirmed the presence of the expressed HvAlaAT protein
in the rice lines (Supplementary Figure S8B; Skinner et al,
2012). The unchanged alanine and glutamate levels in the roots
of the transgenic lines (Supplementary Tables S3A,B, S4A,B)
could potentially be due to rapid assimilation in the roots, and/or
translocation to the shoots for protein synthesis. The increased
glutamate levels in the shoots of low N plants (Supplementary
Table S3A) suggests that the latter might have occurred.
Increased GABA and glutamate levels in shoots of low
N plants (Supplementary Table S3A) could be evidence of
increased AlaAT activity; the GABA shunt pathway, which
produces GABA, involves the conversion of glutamate to
GABA as catalyzed by glutamate decarboxylase (Figure 7;
Steinhauser et al., 2012). Upregulation of AlaAT activity may
have increased the conversion of a-Ketoglutarate to glutamate,
which could have subsequently increased GABA production
(Supplementary Table S3A).

Emerging Clues for the Mechanisms of
OsAnt1:HvAIaAT Conferring NUE
Phenotype

Up-Regulation of Carbohydrate Metabolic Pathways
Changes in glycolysis

Overexpression of OsAntl:HvAlaAT may have increased the
conversion of pyruvate to alanine (at least when grown under
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low N), which in turn caused negative feedback to increase
glycolysis activity (Figure 7). Evidence of increased glycolysis
activity is, firstly, the significant reduction of glucose and
fructose in roots under low N (Supplementary Table S3B).
Glucose is a direct precursor metabolite of glycolysis, while
fructose may be funneled into the glycolysis pathway by
conversion to dihydroxyacetone phosphate (via fructokinase
and F-1-P aldolase), an intermediate in glycolysis (Berg et al,
2012). Secondly, there are upregulated expression levels of
genes involved in glucose metabolisms, such as glycosyl
hydrolases and members of the chitinase family (Supplementary
Tables S5, S6). On a broader scope, some glycolysis-associated
genes were upregulated. Those include lactate dehydrogenase
(LDH; catalyzes the conversion of L-lactate to pyruvate, the last
step in anaerobic glycolysis), and fructose-bisphospate aldolase
isozyme (key enzyme in the fourth step of glycolysis). While
LDH is not part of the main glycolysis cycle, it catalyzes the
conversion of pyruvate (the last product in anaerobic glycolysis)
to lactate (Christopher and Good, 1996). The lack of increase in
pyruvate in the transgenic line (Figure 4 and Supplementary
Tables S3, S4) could be due to increased activity of LDH in
converting pyruvate to lactate. Future studies on measuring
lactate and the activity of rate-limiting glycolytic enzymes such
as hexokinases, phosphofructokinase, and pyruvate kinases can
help us confirm if the overexpression of OsAntl:HvAlaAT had
affected glycolysis.

Changes in the TCA cycle

Evidence of increased TCA cycle activity is the altered level of
metabolites such as fumarate, citrate and isocitrate in shoots
under low N (Supplementary Table S3A and Figures 4, 7). In
addition, numerous genes for enzymes that use substrates from
the TCA cycle were significantly upregulated (Supplementary
Tables S5, S6). The enzymes include those which drive
amino acid metabolism (aminotransferase, and L-allo-threonine
aldolase; Jander et al, 2004), glucose metabolism (glycosyl
hydrolase and members of chitinase family; Sinnott, 1990;
Ashhurst, 2001), and fatty acid metabolism and synthesis
(fatty acid desaturase, lipase, patatin, 3-ketoacyl-CoA synthase,
lipoxygenase and chalcone synthase; Post-Beittenmiller et al.,
1992; Rustérucci et al., 1999). All of these pathways produce
acetyl-CoA that feeds into the TCA cycle (Figure 7; Kim et al,,
1989). Under high N, pyruvate levels were elevated in the
roots of OsAntl:HvAlaAT lines (Supplementary Table S4B),
implying that lesser pyruvate was utilized under high N,
which may indicate lowered TCA cycle activity, leading to
lesser ATP production (hence, absence of growth advantage;
Berg et al., 2012).

There were increases in the expression of genes involved in
the electron transport chain, a process downstream of the TCA
cycle (Supplementary Tables S5, S6 and Figure 7). Many of these
genes have a role in regulating plant growth and development,
such as those involved in cytokinin degradation (cytokinin is
linked with controlling plant growth such as leaf expansion
and photosynthesis; Peleg and Blumwald, 2011), Elongated
Uppermost Internode (EUL important components of the
gibberellic acid biosynthetic and signal transduction pathways

regulating plant height; Zhu et al., 2006), and gibberellin (GA)
phytohormone biosynthesis (Supplementary Tables S5, S6).
Expressing OsAnt1:HvAlaAT may have perturbed pyruvate levels,
affecting the level of TCA cycle activity. This could result in more
energy being produced to promote N uptake and usage, and
subsequently, plant growth and development (Kim et al., 2006;
Murchie et al., 2009).

Up-Regulation of Ethylene Production

As shown earlier, several genes involved in ethylene production
were upregulated in the transgenic rice lines compared to
wildtype (Figure 6C and Supplementary Table S5). Ethylene
is a key plant hormone formed in response to biotic and
abiotic stresses. For example, ethylene can regulate the growth
of roots to cope with hypoxia during flooding (Geisler-Lee
et al,, 2010), and promotes growth-related characteristics, such
as stem elongation, seed germination, and senescence. ATP has
a key involvement in the biosynthesis of ethylene (Wang et al.,
2002). It is tempting to suggest that higher ethylene biosynthesis
activity (Figure 6B), which may be further induced by the higher
availability of ATP due to an upregulated TCA cycle, resulted
in higher biomass production (Figure 1). As endogenous AlaAT
is induced by hypoxia (Good and Crosby, 1989), the over-
expression of HvAIaAT could be registered as a sign of hypoxic
stress, causing the plants to increase ethylene biosynthesis, which
subsequently improves the uptake efficiency of roots in obtaining
N (Geisler-Lee et al., 2010; Lemaire et al., 2013; Khan et al., 2015).
On the other hand, Null:WT comparison revealed significant
numbers of hormonal and stress-related genes, suggesting
that the transformation process might have triggered the
unique expression profiles as discussed earlier (Supplementary
Figure S13C). Nevertheless, it is noteworthy that some other
hormone-related genes are upregulated in the transgenic line
compared to both wildtype and the null (Figure 5B and
Supplementary Table S9). The genes include gibberellin (GA)
2-beta-dioxygenase 7 (GA20X7, LOC_Os7g01340), GA receptor
(GIDI, LOC_Os06g11135, LOC_0Os07g44900), auxin-induced
protein (LOC_Os8g44750). Orthologs of OsGA20X7 in maize
(ZmGA2A0X12) and Arabidopsis (AtGA2AOX7) are involved
in stem elongation (Schomburg et al., 2003) and stress response
(Lange and Lange, 2015; Hoopes et al., 2019). GID1 is an essential
component in the GA signaling and induced by biotic and abiotic
stresses in rice (Ueguchi-Tanaka et al., 2005; Du et al., 2015;
Chen et al,, 2018). Taken together, the hormonal responses to
HvAlaAT gene expression might be a part of the improved
NUE phenotype, and it will therefore be interesting to measure
multiple phytohormone levels in OsAntl:HvAlaAT lines by a
hormonomics approach (Simura et al., 2018).

Other Factors Which Could Confer NUE Phenotype

Differential gene expression and MapMan analysis also showed
that gene activities related to secondary metabolism and
the production of secondary metabolites were upregulated
(Figure 6 and Supplementary Table S5). Secondary
metabolites are important for producing photosynthetic
compounds and carbohydrate metabolism (Gould et al,
2000; Close and McArthur, 2002; Beatty et al, 2013;
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Sandquist and Ehleringer, 2014). Indeed, the upregulation
of genes involved in the synthesis of chloroplast and chlorophyll
was observed (Supplementary Tables S5, S6). It will thus be
beneficial to measure the photosynthetic rate in OsAnt1:HvAlaAT
lines in the future.

One notable observation from the metabolic data is the
decrease in arabinose in both shoots and roots of low N
plants (Supplementary Tables S3A,B). Hydroxyproline-rich
glycoproteins (HRGP) contain numerous arabinose side chains
and play a structural role in strengthening the cell wall and
often are expressed in response to pathogen attack (Showalter,
1993). Lowered arabinose levels could indicate higher synthesis
of HRGP, which may lead to the observed higher biomass
production (Showalter et al., 2016; Johnson et al., 2017) in
OsAnt1:HvAlaAT lines. The upregulation of gene activities
involved in cell wall synthesis and response to pathogen attack
(biotic stress) as indicated by MapMan (Figure 6C) may also
suggest up-regulation of HRGP synthesis.

Another interesting observation from the metabolic data
is the higher glycine levels in the shoots of low N plants
(Supplementary Table S3A). Glycine is a metabolite of
photorespiration, but also known to be involved in cellular
macromolecule protection and ROS detoxification (Giri, 2011),
and accumulates in response to environmental stresses such as
drought and salinity (Ashraf and Foolad, 2007). This suggests
that glycine can confer positive traits such as enzyme and
membrane integrity under environmental stresses, and its higher
accumulation in OsAnt1:HvAlaAT lines may have thus promoted
overall higher biomass production.

CONCLUSION

We investigated the effect of expressing HvAIaAT in rice, barley
and wheat. The transgenic plants showed some advantages
in growth and seed production. Comprehensive analyses
were conducted using rice lines to unravel the molecular
characteristics that could lead to the growth advantage. The
altered expression of AlaAT has resulted in significant changes
within the carbohydrate metabolism pathway that includes
glycolysis and the TCA cycle. This may have driven increased
energy production to promote improved N assimilation and
utilization, leading to higher biomass production. The current
study is an interesting example of crop improvement, altering
downstream of N assimilation by “pulling” N demand rather
than “pushing” N into plants. The small difference may not be
significant at a single time point, however, the change could
be effective over the growth period, resulting in a significant
increase in biomass and yield as we have shown. Perhaps,
constant phenotyping or multiple points of harvest across the
lifecycle may unveil further evidence for the mechanism of
the NUE technology.
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Supplementary Figure 8 | Barley AlaAT (HvAI2AT) copy number and expression
of HVAIaAT protein in transgenic rice plants.

Supplementary Figure 9 | AlaAT enzymatic activity in rice plants expressing
OsAnt1:HVAIaAT.

Supplementary Figure 10 | Quantitative RT-PCR analysis of OsAnt1:AlaAT
lines and wildtype.

Supplementary Figure 11 | GO term assignment of differentially expressed
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