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Jasper Benedict Battad Alpuerto

ABSTRACT

Flooding is a major environmental stress that damages agricultural production worldwide.
Using the key regulator of submergence tolerance in rice, SUBIA, as a model, we have advanced
our understanding of how plants coordinate transcriptional, hormonal, and metabolic responses to
submergence. However, the contribution of SUB/A to recovery from sublethal submergence is still
unknown. This study revealed SUB1A’s additional role in the recovery phase: promotion of a rapid
return to normal metabolic status upon desubmergence through quick recovery of photosystem 11
photochemistry and carbon fixation. We also investigated how SUBIA differentially regulates
adaptive responses in two functionally distinct leaves, growing and mature leaves, under
submergence. This study revealed that rice plants promote rapid carbohydrate and nitrogen
remobilization and transport in mature leaves, supporting quick elongation growth of growing
leaves. In the presence of SUBIA, these metabolic processes were suppressed in mature leaves,
resulting in the avoidance of energy starvation in the source tissues. In growing leaves, SUBIA
enhanced the accumulation of abscisic acid, but repressed the level of ACC, a precursor of
ethylene, contributing to the restriction of elongation growth and leaf senescence in the sink
tissues.

Application of nitrogen fertilizers is a necessary step to maintain high grain yield in cereals,
but plants absorb only 30-50% of supplied N. Wheat, one of the most widely grown crops in the

world, requires a high level of nitrogen application to maintain grain yield and protein content. In



this study, we investigated how nitrogen input affects the accumulation of major N and C
compounds and expression of genes associated with N and C metabolism in flag leaves of wheat.
We used two genotypes with distinct nitrogen use efficiencies (NUE), VAOSMAS-369 and
VAO7W-415. VAOSMAS-369 displayed higher grain yield, stover biomass, and stover N content
at low N, which results from greater N-uptake efficiency in this genotype. Consistently, high N-
uptake efficiency was reflected by increased mRNA accumulation of nitrate transporters and their
transcriptional regulator, NAC2, in flag leaves at the post-anthesis stage. Overall, this study
advanced our knowledge of the important mechanisms in plant response to flooding and N

limitation in these key staple cereals.
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GENERAL AUDIENCE ABSTRACT

Flooding is a serious natural disaster that damages agricultural production worldwide. Rice
is a wetland plant that adapts to flooding conditions, but its tolerance to flooding varies in cultivars.
Functional characterization of a submergence tolerance gene, SUBIA, has led to our understanding
of various mechanisms that regulate flooding tolerance in rice and other plants. However, the role
of SUBIA in plant recovery from mild submergence stress is still unknown. This study revealed
that SUB1A contributes to the maintenance of photosynthetic performance and provides protection
from sudden exposure to high light after floodwater subsides. These processes aid in a quick
recovery from reduced metabolic activities. We also investigated the role of SUBIA4 in adaptive
responses in growing and mature leaves of rice plants during submergence. Mature and growing
leaves looked similar, but their functional importance was distinct. In general, mature leaves serve
as energy production tissues through photosynthesis. The excess carbohydrate and nitrogen
reserves produced in mature leaves are transferred to growing leaves that consume a large amount
of energy for rapid growth. This study revealed that SUB 1A restricted the consumption and transfer
of energy reserves in mature leaves to avoid an energy crisis. In growing leaves, SUB1A suppressed
elongation growth and leaf senescence through the proper regulation of key hormones controlling
these processes.

Nitrogen (N) fertilizer application is a necessary process to improve agricultural

productivity in many crops. However, crops only take up 30-50% of applied N, resulting in water



and air pollution and altered ecosystems. Improvement of plant N use efficiency (NUE) is one of
the ways to address this issue. This study compared two soft red winter wheat lines with contrasting
NUE under low and normal N supply. It was concluded that one line, VAOSMAS-369, had higher
grain yield and N uptake efficiency under low N supply. Our physiological and molecular study
indicated that VAO8MAS-369 significantly promoted N remobilization in leaves and N transport
to grains after flowering under limited N. This study advanced our understanding of NUE
mechanisms in winter wheat, which may aid the development of new cultivars with enhanced NUE

through modern biotechnological approaches.
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CHAPTER 1: Introduction

According to the United Nations Department of Economic and Social Affairs (UN-DESA)
(2017), by the year 2050, the world population is expected to reach 9.8 billion. With this, a major
agricultural hurdle is: how can we provide enough food for this population? Increasing crop
productivity is a possible solution to this issue. However, FAO and other world organizations
reported that in order to meet the food demand for this expected population, current food
production should increase by 50 to 60% (FAO et al. 2017). The rise in population will also lead
to further decreases in our world’s arable land because previously cultivated lands will be
converted to living communities for people due to inevitable urbanization (Satterthwaite et al.
2010). In addition, the recent growth trends in yields of most economically important crops such
as rice and wheat will not be sufficient to meet the needs of our rising population (Ray et al. 2013).
One possible solution is to utilize marginal land areas wherein the land characteristics are not
traditional for crop production (Fodor et al. 2017). However, the growing conditions for these land
areas can be challenging primarily due to soil quality (e.g., pH level and salinity), variable
environmental factors (e.g., the frequency of drought and flooding), and low availability of
essential nutrients requiring more fertilizer inputs. Thus, combining technological and scientific
breakthroughs with current field practices to accelerate improvements in crop growth and
development is necessary. A major objective in meeting food security is to have increased
productivity using less agronomic inputs coupled with increased resistance to different

environmental stressors affecting crop production (Howarth et al. 2008).



1.1 Adaptations to submergence stress in rice

Flooding events have recently increased due to inevitable climate change (Edwards &
Batley 2006). In the US, excess moisture/precipitation and flooding caused $20.7 billion of crop
losses in 70 million ha of cropland in the past decade (USDA-RMA 2017). Areas not usually
affected by flooding have experienced increased flooding events in the past decade. For example,
increased frequency of flooding resulted in significant losses in rice production in tropical and
subtropical areas of Asia and Africa (Bailey-Serres et al. 2010; Fukao & Xiong 2013; Ismail et al.
2013; Limami et al. 2013; Singh et al. 2014; Edwards & Batley 2016). In the U.S., flooding and
excess rain caused damages of up to $414.4 million in rice production during 2007-2016 (USDA-
RMA 2017). This led to the establishment of plant breeding programs focused on developing
flooding tolerant cultivars to address this growing problem. These programs aim to identify and
characterize natural genetic and phenotypic variation found in model plants, wild species, and
other crops known to possess traits leading to increased tolerance to inundation (Voesenek &
Bailey-Serres 2013).

Rice (Oryza sativa L.) is one of the most important staple crops in the world consumed by
approximately a third of the entire world population. The International Rice Research Institute
(IRRI) recently published some current production facts about rice. The annual value of rice
production amounts to 206 billion US dollars, 13% of the world crop value. Twenty-five percent
of the world’s farmers grow rice yielding 740 million tons from 157 million ha of cultivated land,
which feeds 4 billion people. Among these 4 billion consumers, 650 million undernourished people
consume rice as their staple food (IRRI 2017). Thus, there is a tremendous continuous pressure for

scientists to maintain and improve rice production.



Most modern rice cultivars are grown under waterlogged conditions. However, most of
these rice varieties cannot tolerate complete immersion in water for more than 7 days (Alpuerto et
al. 2016). These events led to an increased necessity for the breeding of more submergence-tolerant
varieties. Two varying responses to flooding have been discovered in rice, escape and quiescence
strategies (Xu et al. 2006; Hattori et al. 2009). Escape strategy involves shoot elongation through
the extension of internodes in order to outgrow the water level. This process is regulated by
submergence-induced ethylene accumulation due to physical entrapment, resulting in the increased
expression of two transcription factors, SNORKELI (SK1) and SNORKEL?2 (SK2). The induction
of these genes triggers the biosynthesis of gibberellic acid (GA), stimulating elongation of
internodes (Hattori et al. 2009). This strategy is advantageous under slow-rising floods. On the
other spectrum of flooding tolerance, quiescence strategy restricts elongation growth through the
reduction of carbohydrate consumption and amino acid accumulation. SUBMERGENCE| (SUBI)
is a major quantitative trait locus (QTL) regulating the quiescence strategy in rice. It accounts for
35 to 69% of phenotypic variance in tolerance in diverse genetic backgrounds (Xu & Mackill 1996;
Sripongpangkul et al. 2000; Toojinda et al. 2003). Detailed genetic and molecular analyses of
SUBI revealed that the locus contains two to three ETHYLENE RESPONSIVE FACTOR (ERF)
transcription factor genes and one of these genes, SUBI4, is the determinant of submergence
tolerance in rice (Xu et al. 2006). SUBIA reduces ethylene-induced GA responsiveness via the
increased accumulation of GA-signaling repressor proteins, Slender Rice-1 (SLR1) and SLR1
Like-1 (SLRLT), which results in the restriction of shoot elongation (Fukao & Bailey-Serres 2008).
Introgression of SUBIA via marker-assisted backcrossing has conferred robust tolerance to
complete submergence without detectable negative effects on other agronomic traits such as grain

yield and quality (Septiningsih et al. 2009; Bailey-Serres et al. 2010). In 2012, SUB1A4-containing



rice varieties were cultivated by more than 3.8 million farmers (>1.3 million ha) in India, Nepal,
and Bangladesh (Ismail et al. 2013).

Complete submergence is considered as a compound environmental stress that results in
the reduced availability of various components necessary for plant’s life such as oxygen, CO»,
light, and mineral nutrients. Floodwater eventually subsides as a natural progression of a flood
event, but sudden exposure to atmospheric oxygen leads to reoxygenation injury due to oxidative
stress (Tamang & Fukao 2015). This stress induces cellular dehydration when submergence is
prolonged. Thus, to survive a complete submergence event, plants must overcome multiple stresses
that occur during and after submergence. Indeed, the master regulator of submergence tolerance,
SUBIA, enhances tolerance to prolonged darkness through repression of ethylene production and
jasmonate responsiveness, resulting in the avoidance of carbohydrate starvation and an energy
crisis (Fukao et al. 2012). The link between adaptations to submergence and constant darkness was
also observed in Arabidopsis (Riber et al. 2015). It has been shown that SUB14 also contributes
to the tolerance to post-submergence stresses such as oxidative and dehydration stresses via
activation of ROS detoxification systems and increased expression of genes associated with
dehydration tolerance (Fukao et al. 2011). Similar to rice SUBIA, Arabidopsis ERF transcription
factors, RELATED TO AP2 (RAP)2.2, RAP2.3, RAP2.12 and HYPOXIA RESPONSIVE ERF
(HRE)I and HRE? play a pivotal role in the plant’s adaptation to oxidative and dehydration stresses
(Licausi et al. 2010; Papdi et al. 2015; Paul et al. 2016).

Functional characterization of SUBIA has advanced our understanding of how rice
regulates acclimation responses to submergence and post-submergence stresses at the molecular
and physiological levels. The major focus areas in these past studies were an adjustment of

carbohydrate and amino acid metabolism through gene expression and hormonal regulation.



Although submergence significantly affects photosynthetic activity due to limited CO, and light
availability under water, it is still not clear how SUBIA influences these critical metabolic
processes. In addition, most studies of stress tolerance, including our own, have been performed
using whole plants, shoots, or roots, although plants activate distinct adaptation responses in
growing and mature leaves to maximize stress adaptability at the whole-plant level (Skirycz et al.
2010; Zhao et al. 2016). In this study, the contribution of SUBI/A to photosynthesis (Chapter 2)
and distinct transcriptional, metabolic and hormonal regulation in growing and mature leaves

(Chapter 3) was investigated.

1.2 Nitrogen use efficiency (NUE) in wheat

Since the Green Revolution, the increased application of nitrogen (N)-based fertilizers has
supported the growth of agricultural productivity in most crops (Kitchen et al. 2008; Good &
Beatty 2011). However, crops only absorb 30 to 50% of supplied N in the same season (Kitchen
et al. 2008). This can lead to excess N leaching and runoff, leading to disruption and even in certain
cases, destruction of bacterial, microbial, animal, and other plant ecosystems neighboring the field
areas (Hirel et al. 2007; Good & Beatty 2011). Excess N unabsorbed by crops also causes
eutrophication of water bodies and imbalances in environmental greenhouse gases such as
methane, CO and N>O (Good & Beatty 2011; Xu et al. 2012; Edwards & Batley 2016). One of
the ways to address this issue is to increase the nitrogen use efficiency (NUE) of crops.

Wheat (Triticum aestivum L.) is one of the most widely grown crops in the US. In 2016,
wheat ranked third, only behind corn and soybean, with respect to land planted in acreage and
production among all the crops planted (USDA-ERS 2016). Unlike many cereal crops, protein

concentration is a critical factor determining grain quality and marketability in wheat. To reach the



ideal protein content with high grain yield, a high level of N fertilizers is necessary for wheat
production. In fact, 18% of the total N fertilizers synthesized worldwide are used for wheat
cultivation, which is the largest amount of N input in crop production (Ladha et al. 2016). For
these reasons, development of new wheat cultivars with high NUE is expected to reduce the
negative effects of excessive N on the ecosystems and environments.

A big hurdle in the effort to improve NUE while maintaining grain yield is that multiple
genes and complex gene networks control NUE (He et al. 2015). Due to its complex regulatory
processes, it is vital to identify and characterize key traits closely associated with NUE (Dawson
et al. 2008). NUE for cereal crops can be defined as the ratio of grain yield to the amount of N
potentially available for the plant (Moll et al. 1982). Potential available N accounts for the supply
and losses expected from immobilization, leaching, volatilization, and runoff. At the molecular
level, He et al. (2015) defined NUE as a function of complex processes that govern N-uptake
efficiency and N-utilization efficiency involving gene networks mediating N absorption, transport,
assimilation, and remobilization. A widely accepted definition of NUE in agronomy research is
the yield or consumed (agronomically important) portion of the crop (grain, fruit, forage) per unit
of N supplied.

At the metabolic level, multiple steps including N uptake, transport, assimilation, and
remobilization determine plant NUE. Plants predominantly take up nitrogen from the soil through
their roots in the forms of nitrate and ammonium. The major factor influencing N uptake is the
activity of nitrate and ammonium transporters in plants (Kant et al. 2011; He et al. 2015). Plants
have multi-families of nitrate and ammonium transporters, which are classified as high-affinity
(HATS) and low-affinity (LATS) transporters (Krapp et al. 2014). Nitrate taken up by transporters

can be assimilated in roots, but most N assimilation occurs in shoots where nitrate reductase (NR)



is more active. NR reduces nitrate to nitrite, which is further reduced into ammonium by nitrite
reductase (NiR). Ammonium is then assimilated into amino acids via the glutamine synthase
(GS)/glutamine-2-oxoglutarate aminotransferase (GOGAT) cycle (Miflin & Habash 2002; Xu et
al. 2012). Both the root and the leaf N assimilation pathways are primarily driven by the enzymatic
activities of GS isozymes together with asparagine synthetase (4S) (Lam et al. 1996; Pageau et al.
2006). Glutamate dehydrogenase (GDH) acts as an alternative pathway wherein ammonium is
incorporated to generate glutamate (Taiz & Zeiger 2010; Xu et al. 2012), which in turn is
deaminated into glutamine releasing ammonia feeding back to the assimilatory activity of GS
(Miflin & Habash 2002; Miyashita & Good 2008). Consequently, GDH has an important role when
high levels of ammonium are present in the cell (Srivastava & Singh 1987; Fontaine et al. 2012).
Similar to NR, GS and GDH are encoded by multiple loci with distinct expression patterns in plant
organs.

Genetic and physiological studies have revealed the critical roles of the enzymes associated
with nitrogen transport and assimilation in crop yield and development (Kant et al. 2011; Xu et al.
2012; Li et al. 2017a). Nitrate and ammonium transporters regulate the transmembrane movement
of nitrogenous compounds from the soil to the roots. Disruption of their activity leads to the
reduced ability of roots to take up nitrate and ammonium from the soil even in the presence of
adequate N as reported in Arabidopsis and wheat (Cerezo et al. 2001; Li et al. 2017b). On the other
hand, induction of transporter activity has been shown to result not only in increased N uptake, but
increased transporter activity also led to increased expression of N assimilation-related genes in
rice (Ranathunge et al. 2014). In addition to N uptake from the soil, nitrate and ammonium
transporters, along with amino acid transporters, function in the translocation of nitrogenous

compounds from matured or senescing leaves into younger growing leaves. Repression of these



nitrate and ammonium transporter activities led to disrupted N remobilization, resulting in plant
growth retardation and reduced yield, specifically under low N conditions, shown to date in both
Arabidopsis and rice (Sonoda et al. 2003; Fan et al. 2009). NR, an enzyme that brings about the
conversion of nitrate into ammonium, is also a significant component regulating nitrogen
utilization by plants. Loss-of-function mutants in NR exhibited reduced growth even under an
adequate nitrogen supply in Arabidopsis and rice (Hasegawa et al. 1992; Wilkinson & Crawford
1993). Overexpression of tobacco NR in wheat resulted consistently in increased protein content
and seed weight (Zhao et al. 2013). NR may be involved in the regulation of other metabolic
activities. In fact, Arabidopsis NR double mutants, nia/nia2, showed reduced photosynthesis and
potassium (K") content (Chen et al. 2016). Genetic manipulation of GS and GDH-encoding genes
also influences plant growth and development. In maize, overexpression of ZmGS1.3 in leaves led
to a 30% increase in kernel size (Martin et al. 2006). Loss-of-function mutation of GLNI;2, one
of the GS-encoding enzymes in Arabidopsis, decreased the enzymatic activity of GS, resulting in
increased ammonium concentration and reduced rosette leaf biomass even under adequate N
supply (Lothier et al. 2011). Mutation of the three GDH isoforms in Arabidopsis has been linked
to a reduction in carbon and N metabolism under prolonged darkness and N starvation, resulting
in low seed production (Fontaine et al. 2012; Marchi et al. 2013).

Currently, efficient management of fertilizer inputs together with cropping practices to
improve and maintain desirable N concentration in the soil (e.g., crop rotation with legumes and
tillage regimes) is the most practiced and accepted way to improve plant N-utilization while
minimizing detrimental effects of N pollution (Xu et al. 2012). Improvement of NUE for all food
crops is still in the initial phase and will be challenging due to its complex mechanisms, but with

the continuous advancement in technology (e.g., high-throughput phenotyping, gene editing) there



is a greater possibility of making more N use efficient food crops. Moreover, the return on
investment is high as it has been estimated that as little as a 1 % increase in NUE for crops can
save up to 1.1 billion US dollars annually (Kant et al. 2011; Li et al. 2017a). In this project,
transcriptional and metabolic responses to normal and low N input were compared in flag leaves
of contrasting NUE accessions at the post-anthesis stage. Then, the link of these data to grain yield

and protein content was investigated.

1.3 OBJECTIVES
A mechanistic understanding of the role of SUBI1A4 in submergence tolerance and recovery
in rice (Chapters 2 and 3)
e [Evaluate the contribution of SUBIA to the recovery of photosynthetic efficiency and
photochemistry upon desubmergence in rice (Chapter 2).
e Characterize the influence of SUBIA on metabolite recovery from a sub-lethal period of
submergence at the single leaf level in rice (Chapter 2).
e Explore the role of SUBIA in tissue-specific metabolite regulation of growing and mature
leaves during submergence (Chapter 3).
e Evaluate distinct transcriptomic responses to submergence in growing and mature leaves

that are differentially regulated by SUBIA. (Chapter 3).

Regulation of nitrogen use efficiency (NUE) in soft red winter wheat (Chapter 4)
e Investigate transcriptional and metabolic responses to adequate/normal and low nitrogen

application in flag leaves at post-anthesis.



e Characterize the effect of varying nitrogen levels on yield and yield components in wheat

genotypes with contrasting NUE.
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ABSTRACT

The submergence-tolerance regulator, SUBMERGENCE 1A (SUB1A), of rice (Oryza sativa
L.) modulates gene regulation, metabolism, and elongation growth during submergence. Its
benefits continue during desubmergence through protection from reactive oxygen species and
dehydration, but there is limited understanding of SUBIA’s role in physiological recovery from
the stress. Here, we investigated the contribution of SUBIA to desubmergence recovery using the
two near-isogenic lines, submergence-sensitive M202 and tolerant M202(Subl). No visible
damage was detected in the two genotypes after 3 d of submergence, but the sub-lethal stress
differentially altered photosynthetic parameters and accumulation of energy reserves.
Submergence inhibited photosystem II photochemistry and stimulated breakdown of protein and
accumulation of several amino acids in both genotypes at similar levels. Upon desubmergence,
however, more rapid return to homeostasis of these factors was observed in M202(Subl).
Submergence considerably restrained non-photochemical quenching (NPQ) in M202, whereas the
value was unaltered in M202(Subl) during the stress. Upon reaeration, submerged plants
encounter sudden exposure to higher light. A greater capability for NPQ-mediated photoprotection
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can benefit the rapid recovery of photosynthetic performance and energy reserve metabolism in
M202(Subl). Our findings illuminate the significant role of SUBIA in active physiological

recovery upon desubmergence, a component of enhanced tolerance to submergence.

2.1 INTRODUCTION

Rice (Oryza sativa L.) is a semiaquatic plant that is well adapted to root waterlogging (i.e.,
partial flooding). However, most rice varieties die when completely immersed in water for more
than 7 d, which is a major environmental constraint resulting in serious losses of rice production
in tropical and subtropical areas of Asia and Africa (Bailey-Serres et al. 2010; Fukao & Xiong,
2013; Ismail et al., 2013; Singh et al. 2014). This is a growing problem with climate changes,
necessitating breeding to develop more submergence-tolerant varieties. This has been
accomplished through the identification of SUBMERGENCE] (SUBI), a major quantitative trait
locus (QTL) affecting submergence tolerance in rice, which accounts for 35 to 69% of phenotypic
variance in tolerance in diverse genetic backgrounds (Xu & Mackill, 1996; Nandi et al., 1997;
Sripongpangkul et al., 2000; Toojinda et al., 2003). Detailed genetic and molecular analyses
revealed that the gene SUB 14, encoding an Ethylene Responsive Factor (ERF) transcription factor,
is the determinant of submergence tolerance in rice (Xu et al., 2006). Introgression of SUBIA,
along with the linked ERFs SUBIB and SUBIC, via marker-assisted backcrossing has conferred
robust tolerance to inundation without detectable negative effects on other agronomic traits such
as grain yield and quality (Septiningsih et al., 2009; Bailey-Serres et al. 2010). In 2012, rice
varieties containing SUB 14 were cultivated by more than 3.8 million farmers (> 1.3 million ha) in

India, Nepal, and Bangladesh (Ismail et al., 2013).
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Besides crop breeding, SUBIA has advanced our understanding of the regulatory
mechanisms underlying acclimation responses to submergence through functional analysis of the
key gene at physiological and molecular levels (Fukao & Xiong, 2013). The major function of
SUBIA during submergence is to restrict carbohydrate consumption, amino acid accumulation,
shoot elongation, and transition to the reproductive stage through transcriptional, hormonal, and
metabolic adjustments to the stress (Fukao et al., 2006; Fukao & Bailey-Serres, 2008; Jung et al.,
2010; Mustroph et al., 2010; Pena-Castro et al., 2011; Barding et al., 2012; Barding et al., 2013;
Schmitz et al., 2013). This quiescence strategy allows plants to economize energy reserves and to
avoid carbohydrate starvation under submergence, thereby resulting in vigorous regrowth of leaves
upon desubmergence. It has been demonstrated that the functional role of this gene in the
regulation of hormone (gibberellins and abscisic acid) responses and carbohydrate consumption is
conserved in Arabidopsis (Arabidopsis thaliana L.) transgenic lines overexpressing rice SUB1A4
(Pena-Castro et al., 2011; Nunez-Lopez et al., 2015). SUB1A4 also delays carbohydrate breakdown
and leaf senescence during constant darkness through restriction of ethylene production and
jasmonate responsiveness, resulting in enhanced survival under the stress, emphasizing a close
link between acclimation responses to submergence and dark-induced energy starvation (Fukao et
al., 2012).

Submerged plants are eventually exposed to aerobic conditions in the natural progression
of a flash flood. Sudden reaeration following prolonged submergence induces oxidative damage
and severe dehydration in rice leaves (Ella et al., 2003; Setter et al., 2010). An increase in cellular
damage by oxidative stress and activation of antioxidant systems have been observed in various
plants upon reoxygenation following submergence and oxygen deprivation (Monk et al., 1987;

Biemelt et al., 1998; Blokhina et al., 1999; Pavelic et al., 2000; Tsai et al., 2014). These results
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suggest that adaptation to oxidative stress and dehydration may be a critical component in
determining the degree of tolerance to complete submergence. In support of this hypothesis,
SUBIA contributes to the mitigation of oxidative and dehydration damage in rice leaves through
up-regulation of genes associated with reactive oxygen species (ROS) detoxification and drought
tolerance (Fukao et al., 2011). SUB1A4 is a member of the group VII ERF subfamily (ERF-VII) of
transcription factors (Nakano et al., 2006; Xu et al., 2006). All of the five ERF-VII genes in
Arabidopsis appear to regulate expression of hypoxia-inducible genes and survival of low oxygen
stress (Hinz et al., 2010; Licauci et al., 2010; Licauci et al., 2011; Yang et al., 2011; Papdi et al.,
2015). Recently, it has been shown that overexpression of each of the three Arabidopsis ERF-VII
genes, RAP2.2, RAP2.3, and RAP2.12, confers tolerance to oxidative and osmotic stress (Papdi et
al., 2015). These studies revealed a pivotal role of the submergence- and low oxygen-tolerance
regulators in adaptation to subsequent abiotic stresses that take place upon reoxygenation.
However, how these genes affect recovery from submergence remains largely unknown.

In this study, we investigated the influence of SUB 14 in physiological recovery from a sub-
lethal period of submergence at the single leaf level through comparative analysis of the two near-
isogenic lines, M202 and M202(Sub 1), which are submergence sensitive and tolerant, respectively.
Specifically, we evaluated the contribution of SUBIA to the inhibition and restoration of net
photosynthesis and photosystem II photochemistry along with carbohydrate and nitrogen
metabolism during submergence and reoxygenation. Observation of acclimation responses over a
time course of recovery demonstrated that SUBIA coordinates photosynthetic and metabolic

adaptations at the post-submergence recovery stage.
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2.2 MATERIALS & METHODS

2.2.1 Plant materials and growth conditions

Rice (Oryza sativa L.) var. M202 and the Sub! introgression line M202(Subl) were analyzed in
this study (Fukao et al., 2006; Xu et al., 2006). Seeds of the two lines were generated at the same
time and stored under identical conditions (4 °C with desiccant). Rice plants were grown under the
conditions described by Fukao et al. (2006). Sterilized seeds were placed on wet paper towels for
5 d at 25 °C under light (50 pmol m™ s™'). Germinated seeds were transplanted into soil-containing
pots (10 x 10 x 10 cm; 25 plants/pot) and grown in a greenhouse (28 °C day, 23 °C night) under
supplemental lighting (14 h light / 10 h dark) until the 4.5-1leaf stage. For submergence treatment,
plants in soil-containing pots were completely submerged in a plastic tank (65 x 65 x 95 cm) filled
with 90 cm of water in a greenhouse 3 h after the start of a light cycle. For recovery, plants
submerged for 72 h (3 d) were desubmerged and placed under normal growth conditions as
described above. After 0, 2, 4, 8 and 24 h of desubmergence, blades of the uppermost (5%) leaves
were harvested from 25 plants, immediately frozen in liquid nitrogen, and stored in -80 °C until
use. Developmentally matched leaves of non-submerged plants were harvested as controls. All
submergence, recovery, and control treatments were replicated in at least three independent

biological experiments.

2.2.2 RNA extraction and quantitative RT-PCR

RNA extraction and cDNA synthesis were performed as described in Fukao & Bailey-Serres
(2008). qRT-PCR was conducted in a 15 pL reaction using iTaq Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA) in the CFX Connect real-time PCR detection system (Bio-Rad).

SUBIA transcript was amplified using a set of primers, 5’-GACAAACTTCCCACCCGC-3’ and
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5’- GCGCTTCTCCGATTGTGATG-3’. a-Tubulin (LOC_0Os07g38730) was used as a
normalization control  (Primers: 5’- CATCAACTACCAGCCACCCTC-3 and 5’-
GCACGCTTAGCATACATCAAGTCG-3’). Amplification specificity was validated by melt-
curve analysis at the end of each PCR experiment. PCR efficiency (90-105%) was verified by the
method of Schmittgen & Livak (2008). Relative transcript abundance was calculated using the

comparative cycle threshold method (Livak & Schmittgen, 2001).

2.2.3 Relative water content analysis

Leaf relative water content (RWC) was monitored in the uppermost leaves of plants desubmerged
from water. Each leaf blade was detached from a plant at time points specified, and the fresh weight
(FW) was immediately measured. After measurement, leaf blades were floated on water for 24 h
and rehydrated leaves were re-weighed to measure turgid weight (TW). Finally, leaf blades were
dried at 65 °C for 3 d and the dry weight (DW) was measured. Leaf RWC was determined using

the following equation: RWC (%) = (FW-DW) / (TW-DW) x 100.

2.2.4 Hydrogen peroxide analysis

Leaf tissue (50 mg) was homogenized in 500 pL of 20 mM sodium phosphate (pH 6.5) on ice.
Following centrifugation, the supernatant (50 uL) was subjected to hydrogen peroxide assay using
an Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Life Technologies, Carlsbad, CA,
USA). Absorbance at 560 nm was measured using a UV-Vis spectrophotometer (Evolution 220;

Thermo Scientific, Waltham, MA, USA).
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2.2.5 Lipid peroxidation analysis

Lipid peroxidation was analyzed with the thiobarbituric acid test, which measures
malondialdehyde (MDA) as an end product of lipid peroxidation (Hodges et al., 1999). Frozen
tissue (50 mg) was homogenized in 1 mL of 80% (v/v) ethanol on ice. Following centrifugation,
the supernatant (0.5 mL) was mixed with 0.5 mL of 20% (w/v) trichloroacetic acid containing
0.65% (w/v) thiobarbituric acid. The mixture was incubated at 95 °C for 30 min and then
immediately cooled on ice. After centrifugation at 10,000g for 10 min at 4 °C, the absorbance of
the supernatant was quantified at 532 nm, subtracting the value for nonspecific absorption at 600

nm. The MDA concentration was calculated from the extinction coefficient of 155 mMem.

2.2.6 Gas exchange measurements

Gas exchange measurements were performed on the uppermost leaves of desubmerged plants. The
rates of net CO» assimilation, stomatal conductance, and transpiration were assessed at 400 pmol
CO2 mol™! under 1,500 umol m s™! irradiation at 25 °C using a portable photosynthesis analysis
system (LI-6400XT; LI-COR, Lincoln, NE, USA) equipped with a red-blue light source (6400—
02B) and a CO; injection system (6400-01). Relative humidity was maintained at 60%. Following

photosynthetic measurements, leaf area was recorded and used for standardization.

2.2.7 Chlorophyll fluorescence measurements

Fluorescence yield determinants were measured on the uppermost leaves of desubmerged plants
using a portable chlorophyll fluorometer (MINI-PAM-II; WALZ, Efteltrich, Germany) equipped
with a leaf-chip holder (2035-B). Dark-adapted F\/F,, was determined after a 30 min dark

adaptation using a dark leaf clip. For plants at 0 h after desubmergence, whole plants were
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acclimated to darkness for 30 min in water, so that leaves were not exposed to reoxygenation
during the acclimation process. The leaf areas used for F\/F,, measurements were exposed to
continuous actinic light (1,500 pmol m™ s') for 5 min, and then chlorophyll fluorescence
parameters were quantified. Effective quantum yield of PS II photochemistry (Dpsn),
photochemical quenching (¢P), and non-photochemical quenching (NPQ) were calculated as (£

—FYE oy (F' - F)(F'p - Fo), and Fu/F’p - 1, respectively (Murchie & Lawton, 2013).

2.2.8 Chlorophyll measurement
Chlorophyll a and b contents were quantified from 50 mg of tissue in 5 mL of 100% methanol as
described by Porra (2002). After centrifugation at 4 °C for 20 min at 21,000g, Ags2.0 and Aees.2 of

the supernatant was measured with a spectrophotometer.

2.2.9 Carbohydrate assays

Leaf tissue (50 mg) was homogenized in 1 mL of 80% (v/v) ethanol and incubated at 80 °C for 20
min. After centrifugation, the supernatant was collected in a new tube. The extraction procedure
was repeated twice more. The three extracts were pooled, dried under vacuum, and dissolved in 1
mL of water. Total soluble carbohydrates were quantified by the anthrone method, with glucose
as the standard (Fukao et al., 2006). The soluble carbohydrate extract (25 uL) was mixed with 1
mL of 0.14% (w/v) anthrone solution in 100% H2SO4 and the mixture was incubated at 100 °C for
20 min. After cooling, Aso of the solution was determined with a spectrophotometer. Starch
content was measured according to the method of Fukao et al. (2012). The ethanol-insoluble
fraction was washed with water and re-suspended in 1 mL of water containing 10 units of heat-

resistant a-amylase. After incubation at 95 °C for 30 min, the suspension was mixed with 25 pL
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of 1 M sodium citrate (pH 4.8) and 5 units of amyloglucosidase. After incubation at 55 °C for 1 h,
the reaction mixture was centrifuged for 30 min and glucose content in the supernatant (100 pL)

was quantified by the anthrone method described above.

2.2.10 Nitrate, ammonium, and protein assays

Nitrate and ammonium contents were quantified by the method of van Veen et al. (2013). Leaf
tissue (50 mg) was homogenized in 300 pL of 0.83 M perchloric acid on ice. Following
centrifugation, 200 pL of the supernatant was mixed with 50 uL of 1 M bicine (pH 8.3) and 40 pL
of 4 M KOH. After centrifugation, the neutralized supernatant was used for nitrate and ammonium
assays. For nitrate assay, 10 pL of the extract was mixed with 40 pL of 5% (w/v) salicylic acid in
100% H2SO4 and the mixture was incubated at 25 °C for 20 min. After incubation, 950 uL of 2 M
NaOH was added to the solution (50 pL) and Asio of the mixture was determined with a
spectrophotometer. Potassium nitrate was used as the standard. For ammonium, 25 pL of the
extract was mixed with 375 pL of 8.8% (w/v) salicylic acid, 10 M NaOH, 21.5 mM EDTA, and
6.7 mM sodium nitroferricyanide (III) dehydrate. The mixture was added to 625 puL of 70 mM
NaH>POs4 (pH 12.0) and 45 mM sodium dichloroisocyanurate, and then incubated at 25 °C for 2
h. After incubation, Asso of the solution was measured. Ammonium sulfate was used as the
standard.

Total protein was extracted from 50 mg of tissue in 400 pL of an extraction buffer
containing 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 2 mM EDTA, 10% (v/v) glycerol, 0.5%
(v/v) IGEPAL CA-360, and 1 mM phenylmethanesulfonyl fluoride (PMSF) on ice. Protein
concentrations were determined by Coomassie Plus protein assay regent (Life Technologies).

Bovine serum albumin (BSA) was used as the standard.
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2.2.11 Individual amino acid analyses

The abundance of individual amino acids was quantified as described in Field et al. (2004). Leaf
tissue (50 mg) was homogenized in 1 mL of 70% (v/v) methanol and incubated at 45 °C for 10
min. After centrifugation, the supernatant was collected to a new tube. The extraction procedure
was repeated twice using only methanol. The three extracts were pooled and filtered through 0.2
um PTFE membrane. The solution was dried under vacuum and dissolved in 600 pL of 50 mM
HCI. The reconstituted sample (10 pL) was mixed with 70 pL of AccQ Fluor borate buffer and 20
uL of AccQ Fluor reagent (Waters Corporation, Milford, MA, USA). After incubation at 55 °C for
10 min, the derivatized amino acids were analyzed using an Agilent 1260 Infinity Quaternary LC
system (Agilent Technologies, Santa Clara, CA, USA) coupled with a fluorescence detector. Each
amino acid was separated through an X-Terra MS C18 column (Waters Corporation) at 50 °C
using a 40-min gradient of sodium acetate buffer [140 mM sodium acetate (pH 5.05), 17 mM
trimethylamine, and 0.1% (w/v) EDTA], acetonitrile, and water at a flow rate of 0.35 mL min™".
Derivatized amino acids were detected by fluorescence with excitation at 250 nm and emission at
395 nm. Individual amino acids were identified and quantified using a calibration curve generated

by the injection of standards of known concentrations.

2.2.12 Statistical analyses

Statistical analyses were performed using JMP Pro (var. 11.0.0) (SAS Institute, Cary, NC, USA).
Student’s t-tests were conducted to compare means of plant heights, individual leaf and whole
plant viability, and leaf RWC in M202 and M202(Subl), and SUBIA mRNA levels in

desubmerged and non-stressed M202(Subl) plants. For all other data, one-way ANOVA with
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Tukey’s honest significant difference (HSD) test was carried out for comparison of means among

treatments and genotypes at each time point.

2.3 RESULTS
2.3.1 Rice leaf recovery from submergence stress
Prolonged submergence results in irreversible leat damage and death, but when exposed to a short
period of inundation, damaged leaves can recover from the stress. To investigate how SUBIA
affects leaf recovery from sub-lethal submergence at physiological and metabolic levels, plants at
the 4.5-1eaf stage were completely submerged 3 h after the start of the light cycle (ZT 3) (Fig. 1a).
Following 3 d (72 h) of inundation, plants were desubmerged and recovered for 0, 2, 4, 8, and 24
h under normal growth conditions. These time points were selected to monitor the effect of SUBIA
on photosynthetic parameters and chlorophyll fluorescence during the daytime. We found that
blades of submergence-intolerant M202 leaves bent downwards immediately following
desubmergence, whereas leaf bending was not observed in submergence-tolerant M202(Sub1)
leaves (Fig. 1b). Within 7 d of recovery, M202 leaves returned to a normal erect position. We also
confirmed that SUBIA restricts underwater elongation even for a short period of submergence
(Fig. 1c). In both genotypes, none of the leaves was visibly damaged by 3 d of submergence
followed by 7 d of recovery, and emergence of new leaves was observed by the end of the recovery
period. These results indicate that 3 d of complete submergence transiently affects leaf traits, but
is not lethal at the individual leaf or whole-plant level.

It was previously shown that the youngest (uppermost) leaves are most susceptible to
submergence in rice (Fukao et al., 2006), suggesting that the timing and magnitude of acclimation

responses to submergence vary in individual leaves. To elucidate how SUBIA4 affects recovery of
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Figure 1. Leaf recovery from sub-lethal submergence in rice. (a) Time points for submergence and recovery
experiments in this study. Plants were grown under 14 h light / 10 h dark cycles until 4.5-leaf stage. Plants
submerged for 3 d were desubmerged 3 h after the start of a light cycle and placed under normal growth conditions
for 0, 2, 4, 8 or 24 h for recovery. (b) Photos of rice plants before and after submergence. Plants at the 4.5-leaf stage
were subjected to submergence for 3 d, and then recovered under standard growth conditions for up to 7 d. Bar =
10 cm. (c) Plant height before and after submergence. Data represent mean = SE (n = 25). An asterisk indicates a
significant difference between genotypes (P < 0.01). (d) Individual leaf and whole plant viability after 3 d of
submergence. Fully green (nonchlorotic) leaves are scored as viable. All first leaves were chlorotic due to natural
senescence before submergence and viability of these leaves were not recorded. Plants were counted as viable if a
new leaf appeared during 7 d of recovery. Data represent mean + SE (n = 25 x 3 replicates).

the most sensitive leaves from submergence, the uppermost leaves (leaf 5) were analyzed for key
traits associated with submergence recovery. Quantitative RT-PCR has demonstrated that
submergence significantly increases accumulation of SUB/A mRNA (> 100-fold), but the level of
the transcript rapidly decreases in response to reoxygenation (Fig. 2a).

Reoxygenation following 7 d of submergence induces severe dehydration and oxidative

stress in the uppermost leaves of plants at the 3-leaf stage that are more extreme in M202 than
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Figure 2. Reoxygenation after sub-lethal submergence does not induce severe dehydration and oxidative stress in
leaves. (a) Relative abundance of SUB/A mRNA in the uppermost leaves of M202(Subl) during recovery from
submergence. Plants at the 4.5-leaf stage were exposed to submergence for 3 d and recovered under normal growth
conditions for up to 24 h. Non-submerged plants (Air) were used as controls. The relative transcript level was
calculated by comparison with the non-stressed control at 0 h. Data represent means + SE (n = 3). An asterisk
indicates a significant difference between air-control and desubmergence (P <0.05). (b) Specific activity of alcohol
dehydrogenase (ADH) in the uppermost leaves of desubmerged plants. Data represent means + SE (n = 9). (c)
Relative water content of the uppermost leaves of plants during recovery from submergence. Data represent means
+ SE (n=10). An asterisk indicates a significant difference between M202 and M202(Sub!). (P <0.01). The levels
of hydrogen peroxide (H,0,) (d) and malondialdehyde (MDA) (e) in the uppermost leaves of plants reoxygenated

for up to 24 h. Data represent means + SE (n = 3). In (b), (d) and, (e), bars not sharing the same letter are
significantly different at each time point (P < 0.05).

M202(Subl) (Fukao et al., 2011). Examining the uppermost leaves of older plants here, we found

that the relative water content (RWC) of M202 leaves decreased in response to reoxygenation, but
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quickly returned to the normal status (Fig. 2b). In M202(Subl) leaves saturated with water by
submergence, there was loss of water content within 2 h following desubmergence to the level in
non-stressed plants. This indicates that reoxygenation following a sub-lethal period of
submergence alters leaf water content, but is not sufficient to trigger severe leaf desiccation as
observed in younger plants after 7 d of inundation (Fukao et al., 2011). Consistently, we did not
detect significant elevation of hydrogen peroxide (H202) and malondialdehyde (MDA), a marker

of lipid peroxidation, upon reoxygenation (Fig. 2c, 2d).

2.3.2 SUBI1A promotes photosynthetic recovery from submergence

Various abiotic stresses including submergence detrimentally affect photosynthetic performance
(Moradi & Ismail, 2007; Chaves et al., 2009; Winkel et al., 2014; Yamori et al., 2014; Gururani et
al., 2015), but whether SUBIA contributes to photosynthetic recovery following desubmergence
remains unknown. We found that the rate of net photosynthesis (CO> uptake) was reduced by
submergence in the two genotypes, based on evaluation at the time of desubmergence, with higher
activity in M202(Sub1) (Fig. 3a). Over the recovery period, photosynthetic activity was gradually
restored in both genotypes, but it did not recover completely within 24 h in M202. The slower
photosynthetic restoration in M202 was also observed during recovery from prolonged darkness
(6 to 9 d) (Fukao et al., 2012). A slight reduction in stomatal conductance was observed only in
M?202 immediately (0 h) following desubmergence (Fig. 3b). The reduction was more prominent
2 and 4 h after desubmergence in the intolerant line, but the value was recovered within 24 h. In
M202(Subl), the submergence-associated drop in stomatal conductance was reversed within 4 h
of reaeration. These data indicate that M202 leaves experienced a reduction in stomatal

conductance for a longer period than M202(Sub1) leaves, reflecting the temporal leaf dehydration
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Figure 3. Photosynthetic parameters during submergence and recovery in M202 and M202(Subl). Net
photosynthesis (a), stomatal conductance (b), and transpiration (c¢) were quantified in the uppermost leaves of rice
plants exposed to reoxygenation for up to 24 h. Non-submerged plants (Air) were used as controls. Data represent
means £ SE (n = 8). Bars not sharing the same letter are significantly different at each time point (P < 0.05).

at the early recovery stage in M202 (Fig. 2b). The rate of transpiration was similarly reduced
relative to control levels in M202 and M202(Sub/) immediately after desubmergence (Fig. 3c). In
accordance with stomatal conductance, transpiration was more quickly recovered in M202(Sub1)
[24 h in M202 vs. 4 h in M202(Subl)].

To determine whether SUBIA influences photosystem II performance during post-
submergence recovery, chlorophyll fluorescence parameters were monitored in the uppermost
leaves of M202 and M202(Subl) plants. Dark-adapted Fv/Fm was depressed similarly in both
genotypes immediately following desubmergence, after which it returned to non-submerged plant
levels within 2 h (Fig. 4a). Submergence also diminished effective quantum yield of photosystem

II (Dpsu) in the two genotypes at the same level (Fig. 4b). Unlike Fv/Fm, recovery of Opsy was
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not sharing the same letter are significantly different (P < 0.05).

markedly delayed in M202 as compared with M202(Subl). A similar trend was observed in

photochemical quenching (¢P) (Fig. 4c). Non-photochemical quenching (NPQ) is a
photoprotective process that dissipates excess excitation energy within chlorophyll-containing
complexes as heat (Baker, 2008). We observed a significant decline in NPQ in M202 immediately
following desubmergence although it was restored within 2 h of recovery (Fig. 4d). On the other

hand, the level of NPQ remained constant over the course of submergence and recovery in

M202(Sub1).
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2.3.3 SUBI1A regulates conservation and recovery of carbon and nitrogen reserves

We previously demonstrated that SUBIA diminishes degradation of chlorophyll and carbohydrate
reserves during submergence and prolonged darkness (Fukao et al., 2006; Fukao et al., 2012).
However, the role of SUBIA in recovery of these compounds upon desubmergence is unknown.
We confirmed that SUBIA contributes to the maintenance of chlorophyll ¢ and b during
submergence (Fig. 5a, 5b). We found that the abundance of chlorophyll a and » was constantly

greater in M202(Sub1) over the recovery period .
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Figure 5. The abundance of chlorophyll and carbohydrate reserves during and after submergence in M202 and
M202(Subl). The levels of chloroplast (a), starch (b), and total soluble carbohydrates (c¢) were quantified in the
uppermost leaves of rice plants treated with submergence and subsequent desubmergence. Non-stressed plants
were used as controls. The content of starch was determined after digestion into glucose. Data represent mean +
SE (n=9). Bars not sharing the same letter are significantly different (P < 0.05).
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We confirmed diurnal variations in starch and total soluble carbohydrates in the upper most
leaves of non-stressed and stressed plants. (Fig. Sc, 5d). Submergence decreased the level of starch
in M202, whereas the significant reduction was not detected in M202(Sub1) (time 0). By contrast,
the abundance of total soluble carbohydrates was reduced by submergence in both genotypes
although to a lesser extent in M202(Sub1), consistent with earlier studies (Fukao et al., 2006).
Following desubmergence, starch and total soluble carbohydrates recovered to the levels in non-
stressed plants within 24 h and 8 h, respectively, in M202(Subl). However, these carbohydrate
reserves were not fully restored after 24 h of recovery in M202.

Our previous studies did not consider whether the presence of SUBIA influences global

levels of nitrogen-rich compounds during or following submergence. To investigate this, we
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Figure 6. The effect of SUBIA on changes in the levels of nitrate, ammonium, and protein over the course of
recovery from submergence. The abundance of nitrate (a), ammonium (b), and total soluble protein (c) was
monitored in the uppermost leaves of plants exposed to reoxygenation. Non-stressed plants were used as controls.
Data represent mean + SE (n = 9). Bars not sharing the same letter are significantly different (P < 0.05).0
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monitored the levels of nitrate, ammonium and total soluble protein in the uppermost leaves of
M?202 and M202(Subl). In M202, the abundance of nitrate in leaves was reduced by submergence,
but returned to levels of non-stressed plants within 4 h (Fig. 6a). In the tolerant M202(Subl)
genotype, submergence and subsequent reoxygenation did not significantly reduce the level of
nitrate. We found that submergence promoted accumulation of ammonium similarly in both
genotypes, which recovered to the non-stress levels within 24 h (Fig. 6b). Submergence stimulated
breakdown of total soluble protein in the two genotypes at a similar level (Fig. 6¢). Levels were
constantly more abundant in M202(Sub 1) than M202 after 2 h of reoxygenation, indicating SUB1A4

promotes recovery of protein.

2.3.4 SUBIA-dependent regulation of amino acid accumulation during recovery from
submergence

Previously, non-targeted metabolite analyses using 'H-NMR and GC-MS have been
conducted to quantify the relative abundance of primary metabolites including amino acids in
whole shoot tissue of M202 and M202(Subl) submerged for up to 3 d and subsequently
reoxygenated for 1 d (Barding et al., 2012; Barding et al., 2013). However, time-course
observation of metabolite changes during recovery has not been performed. We monitored
alteration in the abundance of amino acids in the uppermost leaves of plants exposed to
desubmergence for up to 24 h by HPLC (Fig. 7). Accumulation of five amino acids such as
arginine, phenylalanine, proline, threonine, and valine was highly elevated in response to
submergence in both genotypes, but the levels of these amino acids were more abundant in M202.
When exposed to desubmergence, the amount of each amino acid gradually declined in the two

genotypes, which reached the level of non-stress plants more rapidly in M202(Sub ). Among these
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Figure 7. The influence of SUBIA in the accumulation of individual amino acids during recovery from
submergence. The abundance of individual amino acids was assessed in the uppermost leaves of plants exposed
to reoxygenation for up to 24 h by HPLC. Non-submerged plants were used as controls. Data represent mean + SE
(n = 3). Bars not sharing the same letter are significantly different (P < 0.05).

five amino acids, arginine was not detected in the previous 'H-NMR and GC-MS studies. The
33



results of threonine and valines in this study were consistent with the past observations in the entire
shoot tissue (Barding et al., 2012; Barding et al., 2013). In the previous GC-MS study, the average
values of phenylalanine and proline appeared to be greater (1.5-2.0-fold) in M202 during
submergence, but the differences between the two genotypes were not statistically significant due
to large variations among biological replicates. The HPLC analysis in the present study has
demonstrated significant differences in the accumulation of these two amino acids during
submergence and recovery (Fig. 7). The short duration of submergence stimulated accumulation
of alanine and tyrosine to similar levels in the two genotypes, but the rate of restoration during
recovery was more swift in M202(Sub/). In the previous metabolite studies, the abundance of
alanine and tyrosine were also elevated by submergence, but the accumulation of these amino acids
were more abundant in M202 under the stress (Barding et al., 2012; Barding et al., 2013).
Methionine is a newly identified amino acid, which was not detectable by 'H-NMR and GC-MS
in our past studies. The changing pattern of this amino acid was similar to those of alanine and
tyrosine (Fig. 7). The level of glutamate was highly elevated in response to submergence in
M202(Subl), which was maintained for 4 h of reoxygenation. In M202, glutamate was only
slightly induced by submergence, which was restored to the level in non-stressed plants within 2
h. Differential regulation of glutamine accumulation in the two genotypes was also observed in
the entire shoot tissue (Barding et al., 2013). Altogether, these results suggest that SUBIA is
involved in biosynthesis and/or degradation of these nine amino acids in the uppermost leaves
during submergence and subsequent recovery.

We also recognized three amino acids which were hardly affected by SUB/A4 in elongating
leaves. y-Aminobutyric acid (GABA) was induced by submergence, but reduced to the levels of

non-stressed plants within 24 h of recovery in both genotypes. There was no significant difference
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in the abundance of GABA between M202 and M202(Sub1) over the course of treatment, which
is consistent with the observation in whole shoot tissue (Barding et al., 2013). As compared to
other amino acids, the abundance of aspartate was not obviously altered in response to
submergence and reoxygenation. In the entire shoot tissue, however, the accumulation of aspartate
was induced by submergence, which declined in response to reoxygenation in both genotypes
(Barding et al., 2013). We observed diurnal changes in the abundance of glycine in non-stressed
and stressed plants. The effect of submergence, desubmergence, and SUB/A on accumulation of
this amino acid was minimal. The abundance of glycine was also unaltered during submergence
and recovery in the entire aerial tissue of M202(Sub/) (Barding et al., 2013). On the other hand,
the level of this amino acid was reduced by submergence, but induced in response to reoxygenation
in M202. Overall, these data suggest that SUBIA coordinates accumulation and recovery of
individual amino acids during submergence and desubmergence, respectively. However, it seems
that the effect of submergence and SUB/A on accumulation of some amino acids depends on

developmental age and status of leaves.

2.4 DISCUSSION

This study has demonstrated that RWC, photosynthetic parameters, and photosystem II
photochemistry along with accumulation of carbohydrate and nitrogen reserves were differentially
regulated in the uppermost leaves of M202 and M202(Sub1) during submergence and subsequent
reoxygenation (Fig. 2-7). The existence of SUBIA gene in the M202 background genotype
suppressed the alterations in these traits under submergence and promoted the rapid photosynthetic
and metabolic recovery upon desubmergence. Consistent with the adaptive responses to

submergence in M202(Subl), SUBIA mRNA was highly accumulated during 3 d of inundation
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(Fig. 2a). However, the abundance of SUBIA transcript quickly dropped to the level in non-
stressed plants upon reoxygenation. Based on these data, it can be expected that even in the absence
of SUBIA mRNA, SUBIA protein and/or the downstream effect of SUB1A4 is still active following
reoxygenation, resulting in SUBA-mediated rapid recovery in the tolerant genotype. Monitoring
SUBI1A protein and its downstream components after desubmergence will aid elucidation of the
signaling processes governing prompt recovery from submergence.

None of the leaves were damaged by complete submergence for 3 d (72 h) in M202 or
M202(Subl), and new leaves actively emerged from all plants of the two genotypes during the
recovery period (Fig. 1d). Consistently, reoxygenation following the short period of inundation
did not induce severe leaf dehydration and oxidative stress (Fig. 2), although these stresses
occurred in the uppermost leaves of younger plants after 7 d of submergence (Fukao et al., 2011).
It is feasible that the severity of post-submergence dehydration and oxidative damage depends on
the duration of submergence. Even under a sub-lethal period of submergence, physiological traits
relevant to submergence survival and adaptation were substantially altered in both submergence-
tolerant and intolerant genotypes (Fig. 3-7).

Even when immersed in water, rice can perform photosynthesis at a relatively high rate
through active gas exchange between floodwater and gas films that form on the leaf surface
(Pedersen et al., 2009; Colmer & Pedersen, 2008; Verboven et al., 2012). A recent study revealed
that the rate of underwater photosynthesis and thickness of gas films are reduced similarly in the
two near-isogenic lines, Swarna and Swarna(Sub/), during submergence, indicating that SUBIA
is not involved in the regulation of underwater gas exchange via gas films (Winkel et al., 2014).
Consistently, we observed that parameters associated with photosystem II performance such as

dark-adapted Fv/Fm, Opsy, and gP are reduced in M202 and M202(Subl) at a similar level
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immediately following desubmergence (Fig. 4a, 4b, 4c). However, our net photosynthesis results
generated just after desubmergence (Fig. 3a) are not in complete agreement with the underwater
photosynthesis measurements obtained in the field by Winkel et al. (2014). For photosynthesis
measurements of desubmerged plants, a single leaf was placed in a closed chamber and a period
of 3-5 min was necessary to obtain stable gas exchange values. For these reasons, higher net
photosynthesis in M202(Subl) immediately following reoxygenation may result from more rapid
recovery that occurred within 3-5 min of reaeration.

Abrupt exposure to high light provokes a decline in photosystem II photochemistry in
plants (Gururani et al., 2015; Ruban, 2015). Under our experimental conditions, the light intensity
reaching the submerged plants was approximately 50 pmol m™ s!, with an increase to up to 1,500
umol m? s’ after desubmergence, a change sufficient to cause a reduction in photosystem II
performance. A significant drop in dark-adapted Fv/Fm, Ops, and gP in rice leaves may result
from light-mediated inhibition of photosystem II performance (Fig. 4a, 4b, 4c). Indeed,
desubmergence diminished dark-adapted Fv/Fm in maize (Zea mays L.), daylily (Hemerocallis
fulva L.), willow (Salix babylonica L.), Buxus megistophylla 1.évl, Alternanthera philoxeroides
(Mart.) Griseb., and Hemarthria altissima Poir., all of which encountered higher light upon
reoxygenation (Luo et al., 2011; Fan et al., 2014).

It has been shown that SUBIA is not involved in a reduction in dark-adapted Fv/Fm, Opsi,
and gP just (0 h) after desubmergence (Fig. 4a, 4b, 4c). Rather, it appears that the submergence-
tolerance regulator aids in the rapid recovery of these parameters from submergence damage.
When NPQ was monitored during submergence and recovery, we found it declined immediately
following desubmergence in M202, but the value was unaltered over the course of reoxygenation

in M202(Subl) (Fig. 4d). This result suggests a greater capability for protection from abrupt
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exposure to higher light in the submergence-tolerant genotype. This mechanism may benefit the
faster recovery of photosystem II photochemistry, net photosynthesis, and carbohydrate reserves
in M202(Subl) upon desubmergence (Fig. 3a, 4, 5c, 5d).

Submergence significantly decreased the concentration of total soluble carbohydrates in
the uppermost leaves of M202 and M202(Sub 1), with higher accumulation in the tolerant genotype
(Fig. 5d). The content of starch also declined during 3 d of submergence in M202, but the value
was not altered in M202(Subl) (Fig. 5¢). It is likely that soluble carbohydrates are consumed
preferentially in the uppermost leaves of M202(Sub1), thereby conserving starch reserves under
moderate stress in the tolerant genotype. Alternatively or additionally, SUB 14 might stimulate the
translocation of soluble carbohydrates from lower (older, non-elongating) leaves, satisfying the
energy demand in the uppermost (younger, elongating) leaves.

Tracer analyses using radiolabeled nitrate and ammonium revealed that the two nitrogen
forms can be assimilated into amino acids in rice coleoptiles even under low oxygen conditions
(Reggiani et al., 1995; Fan et al., 1997). We found that submergence reduced the abundance of
nitrate in M202, which remained lower than that in non-stressed plants for at least 2 h of recovery
(Fig. 6a). However, in M202(Subl), the level of nitrate was not significantly reduced during
submergence and recovery as compared with non-stressed plants. The conservation of nitrate
reserves in M202(Sub 1) during submergence and the early period of recovery may result in part
from SUBIA-mediated restriction of nitrate assimilation, which can be a component of the
quiescence survival strategy in submergence-tolerant rice. On the other hand, the abundance of
ammonium was elevated during submergence and 2 h of recovery in the two genotypes at similar
levels (Fig. 6b). Levels of ammonium were lower in M202(Sub1) after 4-24 h of desubmergence.

Because of the complexity of metabolic pathways and their connection to other processes such as
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protein and cell wall biosynthesis, metabolic flux analysis using specific radiolabeled metabolites
will provide better insight into the contribution of SUBI/A to the regulation of nitrogen and
ammonium assimilation during submergence and recovery.

Most amino acids identified were highly responsive to submergence in M202 and
M202(Subl), but the abundance of aspartate and glycine were not apparently induced under the
stress in the two genotypes. In addition, accumulation of glutamate during submergence is
prominent only in M202(Sub!). The composition of free amino acids accumulated under oxygen
deprivation also varied in rice coleoptile, Arabidopsis seedlings, maize root tips, and pondweed
turions (Sato et al., 2002; Narsai et al., 2009; Shingaki-Wells et al., 2011; Mustroph et al., 2014).
Inhibition of protein synthesis and activation of protein degradation can explain in part enhanced
accumulation of amino acids under submergence and oxygen deficiency. However, the results of
individual amino acid quantification reflect drastic alterations in biosynthesis and degradation of
particular amino acids under the stress.

The functional significance of submergence- and low oxygen-induced amino acids in stress
adaptation has been considered over the past several decades. There is a broad consensus that
accumulation of amino acids such as proline serve as osmoprotectants that compensate for osmotic
potential that can increase due to rapid consumption of soluble carbohydrates under the stress
(Kennedy et al., 1992; Drew, 1997; Magneschi & Perata, 2009). It was also suggested that GABA
biosynthesis can counteract cellular acidosis under low oxygen conditions since decarboxylation
of glutamate for GABA synthesis consumes a proton (Drew, 1997; Bailey-Serres & Voesenek,
2008; Magneschi & Perata, 2009). Submergence and low oxygen stimulate conversion of pyruvate
into alanine via alanine aminotransferase in various plants, which can compete with ethanol and

lactic acid fermentation (Xia & Roberts, 1994; Sato et al., 2002; Narsai et al., 2009; Shingaki-
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Wells et al., 2011; Mustroph et al., 2014). Activation of this process can result in the prevention
of carbon loss through fermentation and the routing of the resulting 2-oxoglutarate into the TCA
cycle for substrate-level ATP production (Bailey-Serres & Voesenek, 2008; Magneschi & Perata,
2009; Bailey-Serres et al., 2012). In the present study, we found that amino acids including proline,
GABA, and alanine were submergence-inducible and gradually declined over 24 h of
reoxygenation in M202 and M202(Subl) (Fig. 7). It is noteworthy that the abundance of these
amino acids during submergence and recovery is not positively correlated with submergence
tolerance. It can be expected that the amount of amino acids accumulated in M202(Subl) is
sufficient to provide the beneficial effects on adaptations to submergence and reoxygenation. It
appears that these biochemical adjustments to the stress via amino acid accumulation are regulated
in a SUB1A4-independent manner. Higher accumulation of most amino acids in M202 is likely to
be primarily a consequence of faster carbohydrate breakdown followed by amino acid biosynthesis
during submergence and slower protein synthesis during recovery.

Of 12 amino acids identified, only glutamate was up-regulated by SUBIA under
submergence and at the early recovery stage (Fig. 7). Glutamate is a central molecule in amino
acid metabolism in higher plants, which is associated with biosynthesis of glutamine, alanine,
proline, arginine, ornithine, GABA, and aspartate (Forde & Lea, 2007). In addition, glutamate can
influence accumulation of asparagine, lysine, threonine, methionine, and isoleucine because
aspartate, which can be synthesized from glutamate and oxaloacetate, is a precursor of these amino
acids. Although these amino acids can also be synthesized or degraded through glutamate-
independent pathways, limited induction of some amino acids in M202(Sub ) during submergence
and recovery may result in part from SUB/A-mediated glutamate accumulation. It has been well

documented that glutamine plays a signaling role in the mammalian central nervous system
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(Kantamneni, 2015). In Arabidopsis, it has been shown that exogenous glutamate acts as a
signaling molecule to regulate root growth and branching (Walch-Liu et al., 2006; Walch-Liu &
Forde, 2008). A recent study using chemical genetic approaches revealed that mitogen-activated
protein kinase kinase kinase 1 (MEKK1) is a downstream component of the glutamate signaling
pathway that triggers major changes in root architecture (Forde et al., 2013). Intriguingly, MPK3,
MPK4, and MPKG6 are transiently activated in response to oxygen deprivation and reoxygenation,
and ectopic expression of each of these genes significantly enhances survival of oxygen
deprivation in Arabidopsis seedlings (Chang et al., 2012). Based on these data, glutamate might
be a regulatory point that coordinates some adaptive responses to submergence and reoxygenation.

This study determined physiological traits relevant to recovery from submergence damage
that are regulated by SUB1A. For instance, SUB 1A restrained breakdown of carbohydrate reserves
and accumulation of several amino acids such as arginine, phenylalanine, proline, threonine, and
valine under submergence, and these metabolites were more rapidly restored to the levels in non-
stressed plants during the recovery period (24 h) in a SUB1A4-dependent manner (Fig. 5c, 5d, 7).
These results do not explicitly support that SUBIA4 actively promotes recovery of carbohydrate
and amino acid reserves because the abundance of these metabolites immediately upon
desubmergence was already close to that in the recovered leaves of M202(Subl). However, we
found that submergence triggered inhibition of photosystem II performance (dark-adapted Fv/Fm,
Opsi, and gP), degradation of total soluble protein, and accumulation of alanine, methionine, and
tyrosine in M202 and M202(Sub) at similar levels, but faster recovery of these parameters and
compounds was observed in M202(Sub ) upon desubmergence. These data provide physiological
evidence that SUBIA contributes to the rapid restoration of photosynthetic performance and

metabolism of protein and amino acids after desubmergence. Further molecular and biochemical
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analyses will provide of benefit information to elucidate SUB/A-mediated mechanisms underlying

photosynthetic and metabolic recovery from submergence injury.
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Chapter 3: Characterization of the role of SUBMERGENCE (SUB)IA in growing and

mature leaves under submergence in rice at physiological and transcriptomic Levels

ABSTRACT

Rice (Oryza sativa) is grown under partially flooded conditions, but complete submergence
is detrimental to its productivity. SUBMERGENCE (SUB)I1A4 is a Group VII Ethylene Response
Factor (ERF-VII) transcription factor that serves as the central integrator of various adaptive
responses to submergence in rice. Functional characterization of SUBIA has provided useful
information to elucidate physiological and molecular mechanisms underlying submergence and
post-submergence stress tolerance in rice. However, these data were generated using whole shoot
tissues, most of which consist of mature leaves. Thus, it is unclear how SUBIA contributes to
adaptive responses to submergence in growing leaves even though the major function of SUB14
is restricted elongation of leaves. In this study, we conducted a comparative analysis of mature
versus growing leaves of two near-isogenic lines, submergence-sensitive M202 and submergence-
tolerant M202(Subl). Submergence promotes carbohydrate breakdown more quickly in mature
leaves than in growing leaves although no elongation was observed in these leaves, suggesting that
remobilized C was transferred to growing leaves to support their rapid growth. It appears that
SUB14 slowed down sugar transport from mature to growing leaves as well as consumption of C
reserves. Quantification of individual amino acids also implicated SUB/A4 in an influence on the
reduced transport of amino acids, an energy saving mechanism. SUBI/A also regulated the
accumulation of plant hormones, especially in growing leaves. Submergence reduced the
abundance of ABA in both leaf types, but SUB/A promoted maintained levels of this growth
inhibitory hormone in growing leaves under prolonged submergence. 1-Aminocyclopropane-1-
carboxylic acid (ACC), a precursor of ethylene, was induced under submergence in both
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genotypes, with highest concentration levels in growing leaves of M202. The presence of SUBIA
dramatically repressed ACC concentration in both leaf-types in the tolerant genotypes shown by
reduced leaf senescence and leaf elongation. Transcriptomic analysis demonstrated that SUBIA
regulates different sets of genes in growing and mature leaves, consistent with the observation of
the metabolite assays. Gene Ontology (GO) enrichment analysis revealed possible roles of SUBIA
in adaptation responses in the two leaf-types; enhanced redox regulation in mature leaves and
reduced metabolite transport in growing leaves. Altogether, this study uncovered a novel role of
SUBIA in the regulation of distinct adaptive responses in mature and growing leaves. Differential
modulation of transcriptional and metabolic adjustments to submergence in the two leaf-types

appears to lead to enhanced survival at the whole-plant level.

3.1 INTRODUCTION

The identification and functional characterization of an Ethylene Response Factor (ERF)
transcription factor, SUBIA, have contributed to the development of submergence-tolerant rice
cultivars in several Asian countries (Bailey-Serres et al. 2010). In addition, SUBIA4 has served as
a model gene to dissect the intricate mechanisms underlying tolerance to submergence and
subsequent reoxygenation stresses in rice and other plants (Bailey-Serres & Colmer 2014; Tamang
et al. 2014). The expression of SUBIA enables the plant to avoid unnecessary depletion of energy
reserves by limiting carbohydrate and amino acid metabolism through the regulatory role of
SUBIA in hormonal and transcriptional adjustments, allowing the plant to survive up to two weeks
of complete submergence (Fukao et al. 2006; Fukao & Bailey-Serres 2008; Jung et al. 2010;

Barding et al. 2012). This holistic regulation of submergence tolerance continues upon re-aeration
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after inundation. These processes include quick recovery of energy reserve accumulation within
24 h after desubmergence and the maintenance of photosystem II photochemistry and non-
photochemical quenching within 4 h after desubmergence (Alpuerto et al. 2016).

Most of the previous studies on plant tolerance to flooding have been performed using
mature tissues and whole plants. However, other abiotic stress studies demonstrated that plants
regulate distinct adaptation responses in growing versus mature leaves in order to enhance stress
tolerance at the whole-plant level. For example, when Arabidopsis plants are exposed to prolonged
mild osmotic stress, ethylene-mediated enhancement of gibberellic acid (GA) responsiveness
coordinates acute and adaptation responses in growing leaves, resulting in effective regulation of
cell division and expansion under the stress (Skirycz et al. 2010; Skirycz & Inz¢ 2010). However,
in mature leaves, activation of these processes are not observed; instead, well-characterized
abscisic acid (ABA)-dependent and independent transcriptional pathways regulate stress
avoidance and tolerance. In rice and Arabidopsis, severe drought promotes early leaf senescence
of mature leaves, which is correlated with an increase in the survival rates of growing leaves (Zhao
et al. 2016). Similarly, in response to nutrient deficiency, early senescence of older mature leaves
promotes the remobilization of nutrients to younger growing leaves through the interaction of
ABA, auxin, and cytokinins (Yu et al. 2015). These results provide evidence of adaptive responses
to abiotic stress being differentially regulated in mature and growing leaves within a single plant.

Under submergence, plants encounter nutrient starvation due to limited photosynthesis and
activation of inefficient anaerobic respiration. After desubmergence from prolonged inundation,
plants are exposed to dehydration (Fukao et al. 2011). Exposure of plants with these multiple
stresses under submergence suggest that plants may trigger distinct acclimation responses to

submergence in growing versus mature leaves to enhance whole-plant survival as seen under
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osmotic stress and nutrient deficiency; activation of protective stress response in mature leaves,
while maintaining energy consumption in growing leaves for elongation. In the present work, we
investigated the distinct effect of SUBIA on carbohydrate and nitrogen management in mature and
growing leaves during submergence using the same two genotypes used in the previous chapter:
submergence-sensitive M202 and submergence-tolerant M202(Subl). We aimed to explore how
tolerance response to inundation differed in mature leaves and growing leaves of rice in the
presence of SUB1A4 by measuring the variation in physiological and metabolic adjustments in these
tissues. We also conducted mRNA-seq analyses with the goal of identifying specific biological
functions/processes related as to how SUBIA regulates acclimation responses to submergence in

these functionally distinct leaves.

3.2 MATERIALS & METHODS
3.2.1 Plant Materials and Growing Conditions

M202 and M202(Subl) plants were grown until 4.5-leaf stage and treated with
submergence as described in Chapter 2. After 0, 1, 3, 6 days (d) of submergence, mature leaves
(1* to 4™) and growing (5™) leaves were harvested, frozen in liquid nitrogen, and stored in -80 °C

until use. Three biologically replicated samples were generated.

3.2.2 Alcohol Dehydrogenase Assay

The specific activity of alcohol dehydrogenase (ADH) was assayed as described in Tamang

etal. (2014).
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3.2.3 Metabolite Assays
The amount of protein, individual amino acid, ammonium, nitrate, and starch was
quantified following the method of Alpuerto et al. (2016). The concentrations of sucrose, fructose,

and glucose were analyzed as described in Fukao et al. (2012).

3.2.4 Hormone Analyses

Frozen tissues were freeze-dried at 0.016-0.018 Mbar at -54 °C for 48 h using FreeZone®
(LABCONCO, Kansas City, MO, USA). The lyophilized tissues were subjected to quantification
of various plant hormones using LC-MS/MS. This analysis was performed by the Plant Hormone
Profiling unit at the National Research Council Canada (NRC) following the methods of Lulsdorf

et al. (2013) and Chauvaux et al. (1997).

3.2.4 RNA Extraction and Sequencing

Total RNA was extracted from 100 mg of homogenized tissues using miRNeasy mini kit
(Qiagen, Hilden, Germany). Genomic DNA digestion was performed using an on-column protocol
provided by the manufacturer. The RNA concentration was determined using ND-2000 Nanodrop
spectrophotometer. RNA integrity number (RIN) was measured in Agilent’s Bioanalyzer after
normalization of concentrations (Schroeder et al. 2006). Ribosomal RNA (rRNA) was degraded
using Ribo Zero for Plant Leaf (Illumina). Library construction and sequencing for mRNA-seq
were performed at the Biocomplexity Institute in Virginia Tech. Paired-end 100bp reads were

obtained using the high output mode.
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3.2.5 RNA Sequencing Data Analysis

Sixteen samples with three independent biological replicates (total of 48 samples) from
M202 and M202(Subl) under the submergence treatments including control (0 d submergence)
were used for mRNA sequencing. Using the FASTQC software (Andrews 2010), quality check of
the Illumina HiSeq 2500 sequencing-generated mRNA-seq raw data was performed. All necessary
trimming of low-quality bases in the sequences were conducted followed by alignment of the
filtered and high-quality sequences to the rice reference genome; Oryza sativa ssp. japonica cv.
Nipponbare (IRGSP-1.0, ver.7) using STAR aligner (Dobin et al. 2013). We used the mapped
reads to estimate gene expression values for the annotated genes (reads per kilobase of transcripts
per million mapped reads-RPKM). The following computational processes were subsequently
carried out for mRNA-seq analysis: SAMtools software package (Li et al. 2009)for merging the
data, featureCounts (Liao et al. 2014)for estimating the expression values of annotated genes, and
DESeq2 (Love et al. 2014)for differential gene expression analysis.

Adjusted p-values were calculated using the Benjamin-Hochberg statistical method
(Benjamini & Hochberg 1995). Significantly up- and down-regulated genes were identified using
the following cut-off values; adjusted p-value (g-value) < 0.05, log, fold-change of > 1(up-

regulated) or < -1 (down-regulated) and counts per million (CPM) value of > 2.

3.2.5 MapMan Bin and Hormone Response Enrichment Analyses for Differentially
Expressed Genes (DEG)

Differentially expressed genes were functionally categorized based on MapMan bins (Thimm et
al. 2004). Over- and under-representation was determined using Chi-square with Yates’ correction

(P <0.05). We also determined over- and under-represented hormone responses using the database
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in RiceXPro (Sato et al. 2013) and Garg et al. (2012). The hormone-regulated genes were separated
into those induced or repressed by a given hormone and cross-matched against our DEGs. P-values

were calculated using Chi-square with Yates’ correction (P < 0.05).

3.2.6 Statistical Analyses
All other statistical analyses for physiological and metabolic assays were performed using
JMP Pro ver.13.0.0 (SAS Institute). Two-way ANOVA with Tukey’s honest significance (HSD)

was used to compare means between genotypes and between leaf types.

3.3 RESULTS
3.3.1. Underwater responses of rice plants are distinct in mature and growing leaves
Acclimation responses to submergence in rice and the role of SUBIA4 in stress adaptation
have been characterized exclusively at the whole plant level. However, whether submergence
responses are distinct in individual leaves is still unknown. This study analyzed underwater
elongation and submergence viability of individual leaves using rice plants at the 4.5-leaf stage.
We used older plants than our previous studies (i.e., 3-leaf stage) because more growing
(uppermost) leaf tissue was required for molecular and metabolite analyses. To confirm the effect
of SUBIA on overall shoot elongation at the untested developmental stage, we submerged two
near-isogenic lines, M202 and M202(Subl), for up to 18 days and monitored underwater
elongation (Fig. 1a). Whole plant height in M202(Sub/) was significantly lower than M202 over
the course of submergence treatment, indicating that SUB 1A represses shoot elongation under the
stress as observed in the earlier developmental stage. We also measured the elongation of

individual leaves during 6 d of submergence (Fig. 1b). In both genotypes, the length of mature
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Fig. 1. Underwater responses in growing and mature leaves of M202 and M202(Sub1).
(a) Plant heights of M202 and M202(Sub) over 18 days of submergence. (n = 75). (b)
Leaf elongation of mature (leaf 2-4) and growing leaves (leaf 5) of both genotypes
after 6 days of submergence. (n = 15). (c) Photo of M202 and M202(Subl)
immediately after 6 days of submergence. (d) Leaf viability of mature (leaf 2-4) and
growing (leaf 5) leaves of both genotypes after 6 days of submergence. (n = 25). Data
represent means = SE. Bars sharing the same letter are not statistically significant
between genotypes (P < 0.05). In (b) and (d), the first leaves were not used for
measurements because they were senesced.

leaves, for example leaves 2-4, did not change under submergence. In contrast, growing leaves (5"
leaves) elongated in the two genotypes, with more vigorous growth in M202. This was the first
instance in which we observed that the fifth leaf is the only elongating one, which contributed to
the overall plant height during submergence. In addition, we determined the viability of individual

leaves after 6 d of submergence. M202(Subl) showed less leaf bending than M202 after
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desubmergence (Fig. 1c). This duration of submergence was non-lethal at the whole-plant level
because new leaves emerged from both genotypes during 7 d of the recovery period following
submergence (Fig. 1d). At the individual leaf level, all of the mature leaves in the two genotypes
were green and unwilted after submergence, indicating that these leaves were all viable. In growing

leaves, however, reduced viability was observed, with more severe damage in M202.

3.3.2 SUBIA differentially regulates the accumulation of major C and N reserves in mature
and growing leaves during submergence.

The results shown in Fig. 1 suggest that SUB1A4 may contribute to restricted elongation and
enhanced viability only in growing leaves under submergence. To determine whether SUB/A4
affects other acclimation responses in mature (and also growing) leaves, we monitored the
accumulation of major C and N compounds in the two leaf tissues of M202 and M202(Sub 1) during
submergence. Alcohol dehydrogenase (ADH) is a submergence-inducible marker enzyme that is
further up-regulated by SUBIA (Fukao et al. 2011). The specific activity of this enzyme was
apparently elevated in response to submergence in both mature and growing leaves, with higher
activity in M202(Subl) (Fig 2a). It appeared that the inductive influence of SUB/4 on ADH
activity was similar in both leaf types. Submergence slowly degraded chlorophyll in both leaves,
with no genotypic difference observed (Fig. 2b). Starch and sucrose are major reserve
carbohydrates in rice (Pan et al. 2011). Submergence stimulated the breakdown of these
carbohydrates under submergence (Figs. 2¢, 2d). In comparison to the growing leaves, mature
leaves for both genotypes underwent a more rapid decline in starch and sucrose as there was a
drastic decrease in the concentration of both compounds detected from 0 to 1 d submergence.

Interestingly, in M202(Subl) the levels of starch were maintained at higher concentrations than
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Fig. 2. Effect of SUBIA on the levels of (a) alcohol dehydrogenase (ADH) specific

activity, (b) chlorophyll, (c¢) starch, (d) sucrose, (¢) fructose, and (f) glucose in mature

and growing leaves during submergence. Data represent means + SE (n = 9). Bars

sharing the same letter are not statistically significant at each time point (P < 0.05).
M?202 after 3 d submergence (Fig. 2¢). Sucrose concentration in M202 growing leaves was higher
than in M202(Subl) growing leaves, but there was a more rapid decline after 3 d submergence
resulting in the M202(Sub 1) growing leaves having higher sucrose concentration than M202 after
6 d submergence. Fructose was detected on day 0 in growing leaves of both genotypes with M202
having the higher concentration until 1 d submergence (Fig. 2¢). Glucose was only detected in the
growing leaves of M202 until 1 d submergence, as well as in growing leaves of M202(Sub/) on
day 0 (Fig. 2f). It seems that the detectable levels of fructose and glucose are present in growing

leaves on day 0, which are subsequently degraded when the plants were exposed to submergence.

In contrast to major carbohydrate reserves such as sucrose and starch, fructose and glucose
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accumulation was more maintained in M202 than M202(Subl). Higher accumulation of these
hexose sugars in M202 may result from more rapid degradation of starch and sucrose in this
genotype.

We also monitored major N reserves in mature and growing leaves under submergence.
There was a submergence-induced protein degradation, particularly in M202 tissues, indicating
that SUB 1A repressed protein degradation in both mature and growing leaves (Fig. 3a). In addition,
the protein content of the growing leaves of M202(Sub 1) did not decrease at the same level/rate as
in the mature leaves or from both leaf types in the submergence-intolerant M202. Nitrate levels in
both genotypes and both leaf types were maintained at relatively stable levels over the course of
submergence (Fig. 3b). Conversely, there was a gradual increase in ammonium concentration from
0 to 6 d inundation in both genotypes (Fig. 3c). However, in M202(Subl) growing leaves,
ammonium concentration was kept stable under submergence. This provides evidence for
SUBIA’s leaf-type specific role in enhanced adaptation to submergence as increased ammonium
levels can lead to toxicity in tissues.

The concentrations of individual amino acids were quantified in the two leaf types under
submergence (Fig. 4). Submergence promoted the accumulation of most amino acids detected in
mature and growing leaves. Of 11 amino acids induced during submergence in both genotypes,
arginine, isoleucine, leucine, lysine, phenylalanine, proline, tryptophan, and valine were further
induced by SUBIA in mature leaves, but the submergence tolerance regulator repressed
accumulation of these amino acids in growing leaves. These results indicate the differential role
of SUBIA in the regulation of amino acid accumulation in the two functionally distinct leaves
under submergence. Of the other submergence-inducible amino acids, alanine and methionine

were suppressed by SUBIA in both leaf types. In addition, SUBIA4 reduced the accumulation of
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Fig. 3. Effect of SUBIA on the accumulation of (a) protein, (b) nitrate, and (c)
ammonium in mature and growing leaves during submergence. Data represent means
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point (P < 0.05).

threonine only in growing leaves. The changing pattern of glycine concentration was unique as
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compared to other amino acids; submergence dramatically reduced the level of this amino acid in
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both leaf types. SUBI1A4 slightly enhanced the accumulation of glycine in mature leaves on day 6,
but suppressed this level of this amino acid in growing leaves on day 3. Overall, these metabolite
assays provide evidence that SUBIA regulates the accumulation of major C and N reserves

differentially in mature and growing leaves.

3.3.3 Effect of SUBIA on hormone accumulation in mature and growing leaves during
submergence.

To further examine a possible leaf-type specific regulatory role of SUBIA, we measured
the accumulation of various hormones and their associated metabolites in growing and mature
leaves of both genotypes (Fig. 5). Submergence dramatically reduced the level of ABA in both
leaf-types, with M202(Sub 1) showing significantly higher concentration in growing leaves on days
1 and 3. Phaseic acid (PA), a product of degraded ABA, has a slight ABA activity (Cutler &
Krochko 1999). The abundance of PA also rapidly decreased in response to submergence, but no
effect of SUB1A was observed. Under submergence, the concentrations of the two inactive ABA-
degraded compounds, dihydrophaseic acid (DPA) and ABA-glucose ester (ABA-GE) gradually
declined, as compared to ABA and PA. Trans-ABA is the form of ABA that is not bioactive
(Milborrow 1970). Similar to ABA, submergence drastically reduced the level of trans-ABA, but
the accumulation of this compound was not regulated by SUBIA.

Hormone assays detected two precursors and two catabolites of bioactive cytokinins. One
of the precursors, isopentenyl-adenine riboside (iPR), was considerably elevated in response to
submergence in both leaf-types of M202 and M202(Subl), but SUBIA further promoted the
accumulation of this compound in mature and growing leaves. The other precursor, cis-zeatin

riboside (cis-ZR), was induced by submergence at the later time points. On day 6, SUBIA
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Fig. 5. Effect of SUBIA on hormone accumulation in mature and growing leaves during
submergence. Data represent means = SE (n = 3). Bars sharing the same letter are not statistically
significant at each time point (P < 0.05). ABA = abscisic acid. PA = phaseic acid. DPA =
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suppressed the concentration of cis-ZR in mature leaves, but increased it in growing leaves.
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Submergence did not affect the abundance of a catabolite of cis-zeatin, cis-zeatin-O-glucoside (cis-
Z0G) in both leaf-types. By contrast, the catabolite of frams-zeatin, trans-zeatin-O-glucoside
(trans-ZOG), drastically reduced in response to submergence, indicating distinct regulatory
processes in the cis- and trans-zeatin pathway under the stress.

Submergence stimulated the accumulation of indole-3-acetic acid (IAA) in mature leaves
of M202, but the rise in this hormone was significantly suppressed in M202(Subl). In growing
leaves, the level of IAA was almost stable over the course of submergence in both genotypes, but
SUBIA reduced the accumulation of this hormone as observed in mature leaves. At the later time
point of submergence, IAA-aspartate conjugate (IAA-Asp) accumulated significantly in M202,
but a large increase was not observed in M202(Subl). The increased abundance of IAA-Asp in
M202 may be attributable to enhanced inactivation of this hormone in the tissues containing
abundant amounts of IAA (Fig 5).

Our analysis quantified four isoforms of gibberellins, GAs3, GA44, GA19, and GAzo, all of
which are the precursors of bioactive GA; in the sequential biosynthesis process (Sun 2008).
Submergence induced the abundance of these GA isoforms in both leaf-types, with more obvious
induction in growing leaves. Unfortunately, there was no detectable concentration of the bioactive
forms of GAs including GA: from the analyses of the tissues in this study.

Due to the nature of the gaseous hormone, it is extremely challenging to quantify the
accumulation of ethylene in mature and growing leaves under submergence. Therefore, we
quantified the concentration of 1-aminocyclopropane-1-carboxylic acid (ACC), an immediate
precursor of ethylene. Submergence largely increased the abundance of ACC in mature and
growing leaves of both genotypes on day 1, with reduced accumulation in M202(Sub1). On days

3 and 6, the concentration of ACC was relatively reduced in mature leaves, but was still high in
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growing leaves in M202, associated with rapid underwater elongation of this leaf-type. In the
presence of SUB1 A, this leaf-type specific rise in ACC did not occur, contributing to the avoidance

of ethylene-driven elongation in growing leaves (Fig 5).

3.3.4 SUBIA differentially regulates transcriptomic response to submergence in growing and
mature leaves

To evaluate distinct transcriptomic responses to submergence in growing and mature
leaves, we performed genome-wide transcriptome analyses. We sequenced 48 libraries (2
genotypes x 2 leaf types x 4 submergence time points x 3 biological replicates) for mRNA-Seq
and identified 19,111 expressed genes (CPM > 2) in at least one sample. Of these genes, 62.3%
(11,912 genes) were expressed in all of the samples (all time points x both genotypes x both leaf
types). Principal component analysis (PCA) clearly separated expressed genes by submergence
effect (day 0 vs. days 1-6) (Fig. 6a). Distinct leaf types were also grouped separately as PC2. This
analysis showed that the submergence effect on altered gene expression is more pronounced than
the leaf-type effect. We also detected genes that were significantly up- or down-regulated in mature
and growing leaves of M202 and M202(Sub1).

Pairwise comparisons among the different combinatory groups such as submergence 0d vs.
1-6d, M202 vs. M202(Subl), and mature vs. growing leaves, generated a total of 37,830
differentially regulated genes (DEGs). Of these DEGs, the numbers of genes that are up- or down-
regulated by 1, 3, and 6 d of submergence are shown in Fig. 6b. This analysis indicated that similar
numbers of genes were significantly induced or suppressed by submergence at all of the time points
in mature and growing leaves of M202 and M202(Subl), raising a question that similar gene

members may be regulated in all of these samples. To answer this question, we conducted Venn
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diagram analysis using these DEGs (Fig. 7). This analysis revealed that a large proportion of genes
were commonly up- or down-regulated over the course of submergence in each leaf-type and
genotype, but hundreds of genes were uniquely induced or repressed at each time point. Next, we

merged the lists of submergence-induced or repressed DEGs at days 1, 3, and 6 relative to day 0
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Fig. 7. Venn diagrams comparing significantly up- or down-regulated genes during 1
to 6 d of submergence in mature and growing leaves of M202 and M202(Sub1).

in each leaf-type and genotype and removed duplicated genes. This allowed us to generate the lists

of DEGs that are significantly up- or down-regulated on at least one time point in each leaf-type x
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Fig. 8. Venn diagrams comparing various differentially expressed genes (DEGs)
generated from mRNA-seq. (a) Genes significantly up- or down-regulated under
submergence were compared in mature leaves vs. growing leaves. This comparison
was performed in M202 and M202(Subl) separately. (b) Genes significantly more
expressed in M202(Subl) than M202 were defined as “SUB1A-Up”, whereas the
oppositely regulated genes were designated as “SUB1A-Down”. These DEGs were
compared in mature vs. growing leaves. (c) Genes significantly more expressed in
mature than growing leaves were designated as ‘“Mature > Growing”, whereas the
oppositely regulated genes were represented as “Growing > Mature”. These DEGs
were compared in M202 vs. M202(Sub1).

genotype. Using these gene lists, Venn diagrams comparing mature- and growing-leaves DEGs in
each genotype were created (Fig. 8a). In both M202 and M202(Sub1), thousands of genes were
commonly regulated by submergence in mature and growing leaves. However, similar numbers of
genes were also differentially regulated in a leaf-type specific manner. These data suggest that

distinct genes and biological pathways are activated or suppressed in mature and growing leaves
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of both genotypes under submergence although approximately 50% of DEGs were commonly
regulated in both leaf tissues.

The next question was whether SUB/4 is involved in leaf-type specific regulation of gene
expression under submergence. To evaluate this, we identified genes that are differentially
expressed in M202(Subl) relative to M202 under submergence on at least one time point as
SUBIA-upregulated genes. The oppositely regulated genes [i.e., M202(Subl) < M202] were
designated as SUBIA-downregulated genes. These analyses were performed in mature and
growing leaves, and the generated DEGs in each leaf-type were compared using Venn diagrams
(Fig. 8b). Of the SUBIA4-regulated genes, only 32-39% was commonly regulated in both leaf-
types. The majority of the SUB1A-regulated genes (61-68%) were recognized in either mature or
growing leaves, providing evidence that SUBI/A transcription factor positively or negatively
regulates different downstream genes in these functionally distinct leaves. Lastly, we identified
genes that were preferably expressed in mature leaves relative to growing leaves under
submergence on at least one time point as DEG-mature, whereas the oppositely regulated genes
were represented as DEG-growing. Such DEGs were selected in M202 and M202(Subl) and
compared using Venn diagram (Fig. 8c). In both leaves, hundreds of genes were uniquely
expressed in either M202 or M202(Sub1). Altogether, these Venn diagram analyses revealed that:
1) distinct genes were induced or repressed in mature and growing leaves of both genotypes during
submergence and 2) SUBIA is involved in altered gene expression in both mature and growing

leaves.
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3.3.5 SUBI1A regulates distinct biological functions in mature and growing leaves.

To estimate the biological functions that are over- or under-represented in mature and
growing leaves in a SUBI/A-dependent and independent manner, we conducted MapMan bin
enrichment analysis using the gene sets that were categorized in Venn diagrams (Fig. 9). A total
of 32,465 rice genes are categorized into 35 functional bins based on their biological functions
(Thimm et al. 2004). This analysis can determine the likelihood of the gene sets that we generated
being highly represented in each functional bin. Our analysis revealed that photosynthesis was
overrepresented in the growing leaves of both genotypes, with more significant enrichment in
M202(Subl). Lipid and amino acid metabolism were also more preferably enriched in growing
leaves of M202(Subl). In mature leaves, major carbohydrate and lipid metabolism, redox
regulation, and transport were highly represented in M202(Sub 1), whereas cell wall and hormone
were recognized as more enriched biological functions in M202.

We compared our gene sets in the Venn diagrams with the genes that are induced or
repressed by ABA, auxin, cytokinins, GA, and ACC using the same approach applied for MapMan
bin enrichment analysis. This allowed us to determine hormonal responses that are over- or under-
represented in mature and growing leaves of the two genotypes during submergence. This analysis
revealed the downregulation of ABA response in growing leaves of both genotypes, although a
significant number of genes associated with ABA-upregulated genes were also enriched in the
same leaf-type of M202. The upregulation of ACC responses was also observed in growing leaves
of M202. In mature leaves, the upregulation of ABA response was observed in M202(Subl),
whereas auxin response was more significantly induced in M202. It appeared that downregulation

of cytokinin response was common in mature leaves of both genotypes.
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Fig. 9. MapMan Bin and hormone enrichment analysis for DEGs strongly expressed
in mature or growing leaves. Significant enrichment in each bin function and hormonal
regulation was determined by Chi-square (with Yate’s correction). The color bar
indicates fold enrichment. ** P <0.01; * P <0.05.
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We extended the same analysis approaches to different gene sets (as in Fig. 9), where our

SUB1A-Up SUB1A-Down
Mature  Growing Mature  Growing
(781) (473) (1087) (934)
M = Mature
O = Overlap 536 245 228 644 443 491
G = Growing
SUB1A-Up SUB1A-Down
. 2
Photosynthesis
Major CHO metabolism
1
Minor CHO metabolism
Glycolysis
ycoly 0
Cell wall
Lipid metabolism 1
N metabolism
Amino acid metabolism 2
Hormone

Stress

Redox regulation

Transport

ABA-Up

ABA-Down

Auxin-Up

Auxin-Down

Cytokinin-Up

Cytokinin-Down .

GA-Down
ACC-Up

ACC-Down

Fig. 10. MapMan Bin and hormone enrichment analysis for SUB/A4-regulated DEGs.
Significant enrichment in each bin function and hormonal regulation was determined
by Chi-square (with Yate’s correction). The color bar indicates fold enrichment. ** P
<0.01; * P<0.05.
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focus was to determine significantly enriched biological functions and hormone responses among
SUBI1A-upregulated and downregulated genes (Fig. 10). This analysis demonstrated that SUBIA
significantly upregulated photosynthesis-related genes in both mature and growing leaves. This
transcription factor also enhanced major carbohydrate and lipid metabolism, nitrogen metabolism,
and redox regulation in mature leaves. In growing leaves, the biological functions enhanced by
SUBIA were glycolysis and hormone, although a similar level of enrichment was observed in the
genes commonly expressed in mature and growing leaves. We also recognized MapMan bins that
were downregulated by SUBIA. This transcription factor suppressed photosynthesis and amino
acid metabolism-related genes in mature leaves, whereas it downregulated transport-associated
genes in growing leaves. SUBIA repressed cell wall and lipid metabolism-related genes in both
leaf-types.

Hormone enrichment analysis of SUBIA-upregulated genes revealed significant
enrichment in ABA-regulated genes in mature leaves. SUBIA-upregulated genes expressed in both
leaf-types showed significant enrichment in ABA-, auxin-, and ACC-regulated genes. SUB1A-
downregulated genes showed significant enrichment in ABA-, auxin-, and ACC-upregulated genes
in the mature leaves, with only ABA- and ACC-regulated genes significantly enriched in the
growing leaves. SUB1A4-downregulated genes expressed in both leaf-types exhibited enrichment

in ABA- and cytokinin-regulated genes (Fig. 10).

3.4 DISCUSSION
The complexity of abiotic stress responses in plants is dependent not only on the type of
stress, but also on the specific stress effect in distinctly functioning tissues of the plant (Cramer et

al. 2011). Previous studies have provided useful information to elucidate the regulatory
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mechanisms underlying submergence and post-submergence tolerance in rice (Fukao et al. 2006;
Fukao & Bailey-Serres 2008; Fukao et al. 2011; Fukao et al. 2012; Bailey-Serres & Colmer 2014;
Alpuerto et al. 2016). However, these data were generated using whole shoot tissues, most of
which consist of mature leaves. This may mask the specific role of SUBIA in growing leaves
during submergence even though the key visible role of this transcription factor under
submergence is a restriction of elongation in growing leaves. In this study, we performed leaf-type
specific characterization of SUBIA at the physiological and molecular levels, uncovering the
distinct role of the master regulator of submergence tolerance in mature and growing leaves.

It was obvious that the physiological function of SUBIA during submergence was the
restricted elongation of growing leaves (Fig. 1b), which was associated with improved viability of
these leaves (Fig. 1d). Over 6 d of submergence, the length and viability of mature leaves were not
altered, however. Carbohydrate assays revealed that SUBIA contributed to the maintenance of
major sugar reserves, such as starch and sucrose, in both mature and growing leaves (Figs. 2¢, 2d),
providing evidence that SUBIA also affects adaptive responses in mature leaves. Interestingly, we
recognized that degradation of these carbohydrate reserves was quicker in mature leaves than
growing leaves, especially in M202, even though no elongation was observed in mature leaves. In
other words, the consumption of stored carbohydrates was slower in growing leaves even when
active underwater elongation occurred in these leaves. These data suggest that carbohydrates were
transferred from mature to growing leaves, supporting the large demand for energy reserves. It
appeared that sugar transport was suppressed in M202(Sub1), which can be a quiescence survival
strategy conferred by SUBIA.

The crucial roles of accumulating amino acids including alanine, arginine, isoleucine,

leucine, lysine, methionine, phenylalanine, proline, threonine, tryptophan, and valine in stress
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tolerance have been documented in various plants (Good & Zaplachinski 1994; Serraj & Sinclair
2002; Alcazar et al. 2006; Ashraf & Foolad 2007; Chen & Murata 2008; Maeda & Dudareva 2012;
Lynch et al. 2017). The major functions of these amino acids include the maintenance of water
absorption and turgor pressure and stabilization of cellular homeostasis. Indeed, we observed the
increased accumulation of these amino acids under flooding in both genotypes and tissues.
Especially, growing leaves of M202 contained higher levels of amino acids. This can be connected
with a higher rate of carbohydrate consumption under submergence in this genotype because
alanine, isoleucine, leucine, and valine are generated from pyruvate or other glycolytic
intermediates (Barding et al. 2012). On the other hand, in M202(Subl), we observed less amino
acid accumulation in growing leaves, suggesting that SUB [ A-mediated repression of carbohydrate
consumption reduced the precursors required for the biosynthesis of these amino acids.
Intriguingly, most amino acids were more abundant in mature leaves of M202(Sub) than M202
even though carbohydrate breakdown was more rapid in M202 (Figs. 2c¢, 2d). Thus, this
relationship cannot be explained by the notion that restricted carbohydrate consumption by SUBIA4
results in the reduced accumulation of amino acids. Under N limited conditions, amino acid
transport from mature to growing leaves are activated (Kant et al. 2011; Albacete et al. 2014; Yu
et al. 2015). It is most likely that this process is also stimulated under submergence to support the
active growth of elongating leaves. In fact, lower amino acid accumulation in mature leaves and
higher accumulation in growing leaves were observed in M202. It can be anticipated that the lower
reduction level of most amino acids in mature leaves of M202(Sub1) relative to M202 is caused
by SUB1A-mediated repression of amino acid transport from mature to growing leaves.

In contrast to the accumulation trend of the other amino acids, we recognized a reduction

in glycine under submergence in both genotypes and leaf tissues. It has been reported that glycine
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accumulation declines under the conditions of reduced chlorophyll and photosynthesis in
Arabidopsis (Timm et al. 2012), which is consistent with the data generated in this study (Fig. 2).
The reduced level of glycine under submergence may be attributable to the activated synthesis of
glycine betaine, an osmoprotectant that enhances drought and salinity tolerance (Hussain-Wani et
al. 2013).

Previous studies using whole shoot tissues demonstrated that SUBIA4 contributes to the
reduced production of ethylene, but it does not influence ABA degradation under submergence
(Fukao et al. 2006; Fukao & Bailey-Serres 2008). In this study, we examined the leaf-type specific
regulation of hormone accumulation under submergence. This analysis included the quantification
of cytokinins, auxin, and GAs, which were not analyzed in the whole shoot system in previous
studies. The hormone analysis confirmed that submergence reduced the level of ABA similarly in
mature leaves of both genotypes (Fig. 5). In growing leaves, however, M202(Subl) maintained
over two times more ABA than M202 on days 1 and 3, indicating that SUB/A4 enhances ABA
accumulation in this leaf-type. This genotypic difference was not observed in the previous whole
shoot analysis, presumably because most tissues in the samples analyzed were composed of mature
leaves, and the unique responses in growing leaves were masked. Similarly, the leaf-type specific
analysis provided new findings on ACC accumulation during submergence that, 1) the increased
level of ACC is much higher in growing leaves than mature leaves especially at the later time
points, and 2) the effect of SUBIA on the suppression of ACC accumulation is more prominent in
growing leaves (6-7 fold reduction) than mature leaves (2-3 fold reduction). These results suggest
that the severe repression of ACC in growing leaves is critical for submergence tolerance in rice.

Auxin is a phytohormone known for promoting cell growth through activation of cell wall

loosening enzymes, such as expansins and pectin methylesterase (Hepworth & Lenhard 2014; Bar

74



& Ori 2014). In this study, SUBIA suppressed the accumulation of a bioactive auxin, IAA, in
growing leaves on day 6, correlated with restricted underwater elongation of this leaf-type.
Interestingly, the level of auxin was much higher in mature leaves that did not grow over the course
of submergence. It is widely recognized that IAA is mainly synthesized in actively growing tissues,
such as apical buds, and then transported basipetally to other parts of the plant (Leyser 2006).
However, IAA is also synthesized and accumulated in mature leaves of rice and pea (Jager et al.
2007; Yang et al. 2017). A possible role of IAA accumulated in mature leaves under submergence
is the activation of sugar transport to sink tissues. In fact, exogenous application of IAA to rice
and wheat at the grain filling stage significantly increased the carbohydrate content in grains
(Darussalam et al. 1998; Javid et al. 2011). It is likely that SUBIA4-mediated restriction of IAA
accumulation contributes to the suppression of sugar loss through transport in mature leaves and
the dampening of elongation growth in growing leaves under submergence.

In this study, transcriptome analyses were performed in order to characterize distinct
adaptive responses in mature and growing leaves and SUBIA’s role in the regulation of these
adjustments to submergence. Rice has the ability to perform underwater photosynthesis via the gas
exchange between water and the gas films formed on the leaf surface (Pedersen et al. 2009;
Pedersen et al. 2013). Our MapMan bin enrichment analysis emphasized the significance of
underwater photosynthesis especially in M202(Sub1). The redox regulation bin containing genes
with roles in reactive oxygen species (ROS) scavenging, was enriched in growing leaves of both
genotypes while having higher enrichment in mature leaves of M202(Sub /), which can provide
restriction of ROS-mediated cell damage (Skirycz et al. 2010). Consistently, our previous study
demonstrated that SUBIA enhances tolerance to oxidative stress, most likely through increased

expression of ROS detoxification genes (Fukao et al. 2011). Various metabolic pathways involved
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in major and minor carbohydrates, glycolysis, lipids, nitrogen, and amino acids were differentially
regulated in growing and mature leaves of M202 and M202(Subl), reflecting leaf-type specific
and SUBIA-regulated metabolic adjustments. Direct comparison of individual gene expression
patterns in these enriched functional categories will provide useful information to elucidate how
SUBIA regulates distinct metabolic responses in mature and growing leaves.

We also compared our DEG lists with genes that are up- or down-regulated by hormone
treatments using the databases generated from RiceXPro and Garg et al. (2012). In terms of ABA,
it is not clear that the responsiveness to this hormone is differentially regulated in the leaf-types or
by SUBIA4-mediated regulation because both ABA-upregulated and downregulated genes were
significantly enriched in the two leaf tissues and genotypes. This analysis revealed that auxin
response is preferentially activated in mature leaves of M202, consistent with the high
accumulation of IAA. Similarly, ACC response was prominent in growing leaves of M202, which
is in agreement with the hormone assay data.

Characterization of a distinct role of SUBIA gave additional insights on how this
transcription factor confers complete submergence tolerance through differentially regulating
transcriptomic and metabolic adjustments in different leaf-types. Mature leaves serve as source
tissues to support the large energy demand for growing leaves, sink tissues, which rapidly elongate
under submergence. SUBIA regulates the accumulation of and responsiveness to different
hormones in mature and growing leaves, conferring unique metabolic adjustments in these
functionally distinct leaves to enhance whole plant survival under submergence. Identification of
direct target genes of SUBIA in the two tissues and their functional characterization will dissect

the molecular mechanisms underlying leaf-type specific transcriptional regulation.
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Chapter 4: Time course analysis of transcriptional and metabolic responses to nitrogen

fertility at the post-anthesis stage in winter wheat

ABSTRACT

High-yielding wheat production with appropriate grain protein content relies on the
application of large quantities of nitrogen (N) fertilizers. However, only 30-50% of N supplied to
the fields is taken up by plants, and the unabsorbed N can be released to water bodies and
atmosphere. In this study, we characterized agronomical, physiological, and molecular traits
associated with plant nitrogen use efficiency (NUE) in two soft red winter wheat genotypes used
as parental lines of a mapping population. In the two genotypes, VAOSMAS-369 and VAO7W-
415, grain yield, grain protein content, and all NUE indexes examined were similar under ample
N conditions. At limited N, however, grain yield, NUE for yield, NUE for grain protein production,
and N-uptake efficiency were higher in VAOSMAS-369. Quantification of major grain nutrients
revealed that the high NUE genotype contains more total amino acids, but less total soluble sugars.
Flag leaves are major N and C sources in which remobilized N and C compounds are transferred
to grains upon anthesis. Gene expression and metabolite analysis demonstrated that senescence
processes including chlorophyll and protein degradation were highly activated in flag leaves of the
high NUE genotype, VAOSMAS-369, under restricted N after anthesis. In addition, low N notably
stimulated mRNA accumulation of genes associated with N remobilization and transport along
with their transcriptional regulator, NAC2, in VAOSMAS-369 as compared to VAO7W-415. These
results suggest that the significant activation of senescence, N remobilization, and N transport in
flag leaves upon anthesis lead to the increased grain yield and grain protein production per plant

that is observed in VAOSMAS-369 under limited N conditions.
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4.1 INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most widely grown crops, cultivated in 680
million ha worldwide (FAOSTAT 2017). Wheat is also one of the most important crops
worldwide, due to its caloric and nutrient content classifying it as a staple food crop (Waters et al.
2009). The United States is a major wheat-producing country, only behind China and India.

Nitrogen (N) is an essential nutrient to maintain high crop yields (Tischner 2000;
Masclaux-Daubresse et al. 2010). Increased N application has supported the growth of agricultural
production in many crops including wheat. However, N is the most expensive fertilizer among all
the nutrients supplied to crops, and its production cost has constantly been rising (Han et al. 2015).
Despite the increased usage of the fertilizer component, most crops only absorb 30 to 50% of
supplied N in the same season (Kitchen et al. 2008). Excess N input potentially causes detrimental
impacts on environments, including pollution of water bodies, alterations in natural ecosystems,
and climate change (Hirel et al. 2007; Gaju et al. 2011; Good & Beatty 2011). Thus, improvement
of plant nitrogen use efficiency (NUE) can significantly contribute to the reduction in production
costs and the suppression of environmental issues caused by excess N supply.

Plant NUE is regulated through a combination of multiple processes such as N uptake,
transport, assimilation, and remobilization (Tischner 2000; Hirel et al. 2007). The effectiveness of
N uptake from the soil and N transport within a plant is mainly determined by the activity and
affinity of nitrate and ammonium transporters (Kant et al. 2011). In fact, elevated expression of
OsNRT2.3b, a member of the family of high-affinity nitrate transporters in rice, resulted in
increased yield and a 40% increase in overall NUE (Fan et al. 2016). Induction of the activity of a

member of the ammonium transporter family, OsAMTI;1, led to increased N uptake and
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assimilation in rice (Ranathunge et al. 2014). The role of nitrate and ammonium transporters may
not be limited to N uptake. Indeed, disruption of NRT1.7 and AMTI;1 detrimentally affected N
remobilization and plant growth in Arabidopsis (Kaiser et al. 2002; Engineer & Kranz 2007; Fan
et al. 2009).

Nitrate taken up by the crop is converted to nitrite, and then reduced to ammonium with
nitrate reductase (NR) and nitrite reductase (NiR), respectively. Ammonium, from direct uptake
and reduction of nitrate, is then assimilated into amino acids primarily via the glutamine
synthase/glutamine-2-oxoglutarate aminotransferase (GS/GOGAT) cycle. Key contributions of
these N assimilation enzymes to NUE have been found in mutant and transgenic studies. Non-
functionality of NR in Arabidopsis resulted in growth reduction even with normal N supply
(Wilkinson & Crawford 1993). Disruption of the nitrate assimilatory pathway in potato by the
introduction of a truncated tobacco NR-encoding gene led to 98% decrease in total N in the tubers
under variable N supply (Djennane et al. 2002). Conversely, overexpression of tobacco NR in
wheat caused higher grain weight and protein (Zhao et al. 2013). In addition to NR, overexpression
of a maize GS-encoding gene, ZmGS1.3, led to 30% increase in kernel size (Martin et al. 2006).
Similar results were found in rice with induced expression of GS wherein the spikelet yield
increased up to 35% and NUE increased up to 33% under high N supply (Brauer et al. 2011). On
the other hand, loss-of-function mutation of GS and GDH led to decreased leaf biomass and seed
production in Arabidopsis (Lothier et al. 2011; Fontaine et al. 2012; Marchi et al. 2013). A
knockout mutation of GSI./ negatively affected growth and yield (Tabuchi et al. 2005).
Identification of quantitative trait loci (QTL) correlated with GS further confirmed its important

roles in NUE mechanism. Obara et al. (2004)discovered a QTL region containing GS/ that is
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associated with grain number in rice. Han et al. (2015) reported six other QTLs that co-segregate
with GS1 activity in rice.

A field study performed in soft red winter wheat under normal and low N conditions
showed large genetic diversity in NUE among 281 genotypes (Pavuluri et al. 2015). However, the
physiological and molecular components influencing NUE in these genotypes have yet to be
characterized. In this study, we analyzed the effect of N application on the accumulation of major
C and N compounds in flag leaves of two wheat genotypes with distinct NUE at the post-anthesis
stage. We also monitored the mRNA levels of genes associated with senescence, C and N
metabolism in the same tissues. Comparison of these data with grain yield, yield components, and
grain protein contents allowed us to identify key traits and possible mechanisms that regulate NUE

in wheat.

4.2 MATERIALS & METHODS
4.2.1 Plant Materials and Growth Conditions

This study used soft red winter wheat genotypes with distinct NUE, VAOSMAS-369 and
VAO7W-415 (Pavuluri et al. 2015). Seeds were grown in plastic pots [5.7 cm (L) x 3.8 cm (W) x
5.4 cm (H); 1 plant/pot] containing Metro Mix 360 potting soil (Sun Gro Horticulture, Vancouver,
Canada) in a greenhouse (natural light, 22 °C day/ 13 °C night) until the 3-leaf stage. Subsequently,
plants were exposed to vernalization treatment at 8 °C under 8 h light (80 mmol/ m?/s) / 16 h dark
cycles for 8 weeks. Vernalized seedlings were transplanted into pots (2.4 L; 1 plant/pot) containing
a mixture of 50% (v/v) Metro Mix 360 and 50% (v/v) sand and grown in the greenhouse under 16
h light (22 °C) and 8 h dark (13 °C) cycles. Initially, all plants were treated with equal fertilizer

application; a half-strength of Hoagland’s solution without N (50 ml/plant) and ammonium nitrate
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(5 mg N/plant) twice a week. After three equal N applications, plants were treated with either
normal (5 mg N/plant) or low (1 mg N/plant) N. N was supplied with the 72 strength Hoagland’s
solution without N twice a week. The total amount of N applied per plant for the entire period of
the experiment was 100 mg for normal N and 31 mg for low N. When different N application
started, the light period and temperature in the greenhouse were changed to 16 h day (22 °C) /8 h
night (13 °C) to stimulate flower development. Flag leaves were collected at midday at four
different time points; 0 day after anthesis (DAA), 5 DAA, 10 DAA, and 15 DAA. Immediately
after collection, all leaf tissues were frozen in liquid nitrogen and stored in -80 °C until use. Plants

that were not used for flag leaf collection were grown until maturity for yield component analysis.

4.2.2 NUE Index Analysis

Grains and stover harvested were dried in an oven at 65 °C for 3 d, and their dry weight
was measured. Grain yield was calculated as grain weight (g) per plant. The concentration of N in
grains and stover were measured by combustion analysis using Vario MAX cube CNS (Elementar,
Frankfurt, Germany) following the protocol of (Kim et al. 2011). Grain protein content was
calculated by multiplying the grain N content by 6.15, a conversion value for soft red winter wheat.
NUE indexes were computed as follows. NUE for Yield (NUEY) = Grain yield (g) / N supplied
(g); NUE for Protein (NUEP) = Grain protein content (g) / N supplied (g); N-uptake efficiency =
Above-ground (grains and stover) N content (g) / N supplied (g); N-utilization efficiency = Grain
yield (g) / Above-ground N content (g); N-harvest index = Grain N content (g) / Above-ground N

content (g) (Moll et al. 1982; Good et al. 2004).

84



4.2.3 Chlorophyll and Carbohydrate Assays
Chlorophyll, starch and total soluble carbohydrates were quantified as described in Tamang

etal. (2017).

4.2.4 Nitrate, Ammonium, Total Amino Acids, and Protein Assays

The concentrations of nitrate and ammonium were measured following the method of
Tamang et al. (2017). Flag leaf protein was quantified as described in Alpuerto et al. (2016). For
quantification of total amino acids, 75 mg of frozen tissues were homogenized in 450 uL of 0.83
M perchloric acid on ice. After centrifugation at 21,000 g at 4 °C for 20 min, the supernatant (300
uL) was neutralized with 75 pL of 1 M bicine (pH 8.3) and 70 uL of 4 M KOH. The precipitated
salt was removed by centrifugation. The neutralized supernatant (80 uL) was mixed with 50 pL of
0.2 mM sodium cyanide resolved in 8 M sodium acetate and 50 pL of 168 mM ninhydrin resolved
in 100% 2-methoxyethanol. Following incubation at 100 °C for 15 min, 1 mL of 50% isopropanol
was added immediately to the mixture. After cooling, absorbance at 570 (As70) was quantified
using a spectrophotometer. Glycine was used as the standard. Ninhydrin reacts with both amino
acids and ammonium. To correct apparent amino acid concentrations, a standard curve for
ammonium was obtained through this ninhydrin method. Using this standard curve and the
ammonium concentration data obtained from the same extract, the actual amino acid content was

calculated.

4.2.5 RNA Extraction and Gene Expression Analyses

85



RNA extraction was performed following the protocols described by Fukao & Bailey-
Serres (2008). For cDNA synthesis, we followed the protocols according to the description
provided by the SuperScript-IV Reverse Transcriptase (Invitrogen Life Technologies).

Quantitative RT-PCR was performed using the procedure described by Alpuerto et al.,
2016. The 2"2““method according to Schmittgen & Livak (2008)was used for the computation of
the relative expression of each candidate gene. The list of primers and annealing temperatures used

for this study is available in Supplemental Table S1.

4.2.6 Statistical Analyses
All statistical analyses were performed using JMP Pro ver.13.0.0 (SAS Institute). Two-
way ANOVA with Tukey’s honest significance (HSD) was used to compare means between

accessions and N treatments.

4.3 RESULTS AND DISCUSSION
4.3.1 Effect of N input on yield, yield components, grain and stover N contents

We grew two representative wheat genotypes with contrasting NUE, VAOSMAS-369 and
VAO7W-415, under normal and low N conditions and analyzed their grain yield, yield
components, grain and stover N contents (Fig. 1). At regular N input, grain yield (grain weight per
plant) of the two lines was similar. Low N application significantly reduced grain yield in both
genotypes, but VAOSMAS-369 maintained grain productivity as compared to VAO7W-415. It
appears that higher grain yield in VAOSMAS-369 under low N input results from greater grain
number per plant and spike number per plant. Reduced N application suppressed stover biomass

accumulation in VAO7W-415, but not in VAOSMAS-369. Harvest index declined in response to
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Fig. 1. Effect of nitrogen application on grain yield, yield components, grain
and stover N contents in two wheat genotypes, VAOBMAS-369 and VAO7W-
415. Data represent means + SE (n = 8 plants x 3 replicates). Bars not
sharing the same letter are statistically significant (P < 0.05).

low N, but a significant genotypic difference was not detected. The amount of N supplied also
largely affected the concentration of N in grains and stover. Low N input considerably reduced
grain N concentration in both genotypes at a similar level. By contrast, the stover N content
declined in response to low N only in VAO7W-415. These data suggest that VAOSMAS-369 may
uptake nitrogen more efficiently than VAO7W-415, contributing to the maintenance of grain yield,

stover biomass growth, and stover N content even under low N availability.

4.3.2 Effect of N supply on NUE indexes
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Fig. 2. Nitrogen use efficiency indexes of two wheat genotypes under normal
and low N application. a) Nitrogen Use Efficiency for Yield (NUEY) = grain
yield (g) / nitrogen supplied (g). b) Nitrogen Use Efficiency for Protein
(NUEP) = grain protein content (g) / nitrogen supplied (g). ¢) N-uptake
efficiency = aboveground (grains and stover) nitrogen content (g) / nitrogen
supplied (g). d) N-utilization efficiency = grain yield (g) / aboveground
nitrogen content (g). ) N-harvest index = grain N content (g) / aboveground
nitrogen content (g). Data represent means + SE (n = 3) Bars not sharing the
same letter are statistically significant (P < 0.05).

In cereal crops, a widely accepted definition of plant NUE for yield (NUEY) is the grain
yield per unit of supplied N. This concept is also extended to NUE for grain protein (NUEP), which
is defined as total grain protein divided by fertilizer N applied to the crop (Van Sanford &
Mackown 1986). In this study, NUEY and NUEP were similar in both genotypes under normal N
conditions (Figs. 2a, 2b). At low N input, however, VAOSMAS-369 exhibited higher NUEY and

NUEP.
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NUEY can be separated into N-uptake efficiency (NUpE) and N-utilization efficiency
(NUtE). NUpE represents the efficiency of plant absorption of supplied N and defined as the total
plant N (stover and grain N) divided by the amount of N applied (Moll et al. 1982; Good et al.
2004). NULE is the plant efficiency of N assimilation and remobilization toward grain production
and defined as the grain yield divided by the total plant N content. In this study, no genotypic
difference in NUpE and NUtE was observed at regular N input, consistent with the observation in
NUEY (Figs. 2c, 2d). Under limited N, NUpE was significantly higher in VAOSMAS-369 than
VAO7W-415, whereas NUtE was not different between the two genotypes. These results indicate
that higher NUEY in VAOSMAS-369 at low N results from more efficient N uptake in this
genotype.

As the product of NUpE and NUtE represents NUEY, NUEP consists of the two
components, NUpE and N-harvest index. N-harvest index is defined as grain N content divided by
the aboveground N content (grains and stover) (Xu et al. 2012). In this study, both genotypes
showed similar N-harvest index under normal and low N supplies (Fig. 2¢), consistent with the
observation in NUtE. Similar to NUEY, higher NUEP in VAO8MAS-369 than VAO7W-415 at low

N appears to result from different NUpE between the two genotypes.

4.3.3 Effect of N supply on grain N and C compounds

To evaluate the influence of N supply in the accumulation of major N and C compounds
in grains, we quantified the concentrations of protein, total amino acids, starch, and total soluble
sugars. Limited N supply significantly reduced the accumulation of protein in grains of both
genotypes (Fig. 3a). The level of total amino acids also declined at low N input in VAO7W-415,

but this reduction was not observed in the high NUEP genotype, VAOSMAS-369 (Fig. 3b).
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Fig. 3. Effect of nitrogen application on grain carbohydrate and nitrogen
compounds. The concentrations of protein (a), total amino acids (b), starch
(c), and total soluble sugars (d) were compared in grains of the two wheat
genotypes with contrasting nitrogen use efficiency under normal and low N
conditions. Data represent means + SE (n = 3). Bars not sharing the same
letter are statistically significant (P < 0.05).

Reduced N input conversely increased the amount of starch in VAOSMAS-369, but not in
VAO7W-415 (Fig. 3¢). The content of total soluble sugars was elevated at low N input in both
genotypes (Fig. 3d).
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NUEP is determined by a combination of grain protein concentration and grain yield. At
low N input, VAOSMAS-369 exhibited significantly higher NUEP than VAO7W-415 (Fig. 2b). It
seems that high NUEP in VAOSMAS-369 results from the ability of this genotype to maintain
grain yield under limited N supply. Based on the result of our grain nutrient analysis, grain protein

content was not associated with distinct NUEP in the two genotypes.

4.3.4 Effect of N input on the accumulation of major N and C compounds in flag leaves at
the post-anthesis stage

Flag leaves undergo senescence at the post-anthesis stage in which remobilized nitrogen
and carbohydrate compounds in the leaves are transported to grains (Habash et al. 2007). To
monitor the amount of major N and C compounds in flag leaves at the post-anthesis stage under
regular and low N conditions, we quantified the concentrations of protein, total amino acids,
ammonium, nitrate, starch, and total soluble sugars along with chlorophyll, an indicator of leaf
senescence. At normal N input, the chlorophyll content declined in both genotypes after anthesis
although the amount of chlorophyll was higher in VAOS8MAS-369 than VAO7W-415 at most time
points (Fig. 4a). By contrast, the chlorophyll level reduced more rapidly in VAOSMAS-369 under
limited N, indicating that leaf senescence was accelerated in this high NUE genotype at low N.
Similar to chlorophyll degradation, the post-anthesis decline of protein and total amino acids in
flag leaves occurred more quickly in VAOSMAS-369 than VAO7W-415 under limited N supply
(Figs. 4b, 4c). The concentration of ammonium decreased within 5 days after anthesis (DAA) in
all genotypes and treatments, but increased at 10 and 15 DAA (Fig. 4d). Restricted N application
suppressed the accumulation of ammonium in both genotypes, but the accumulation level was

higher in VAO7W-415 at 5, 10, and 15 DAA. In contrast with chlorophyll, protein, and total amino
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Fig. 4. Effect of nitrogen application on the accumulation of chlorophyll (a),
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and total soluble sugars (g) in flag leaves at the post-anthesis stage in two
wheat genotypes with contrasting nitrogen use efficiency. Data represents
means = SE (n = 3). Bars not sharing the same letter are statistically
significantat each time point (P < 0.05).

acids, the amount of nitrate increased after anthesis in all genotypes and treatments (Fig. 4e),
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consistent with the observation in Bahrami et al. (2017). The accumulation of nitrate in flag leaves
may not be associated with distinct NUE in VAOSMAS-369 and VAO7W-415 under limited N
because the nitrate level was not distinct in the two genotypes over the course of the experiment.
In senesced leaves, N remobilization is activated, whereas N assimilation is suppressed (Smart
1994; Xu et al. 2012). At post-anthesis, remobilized N compounds such as amino acids and
ammonium are transported to support grain filling. It can be expected that more rapid reductions
in the protein, total amino acid, and ammonium contents in VAOS8MAS-369 reflect a more active
N remobilization in flag leaves and N transport to grains in this high NUE genotype at low N.
Although the protein concentrations of grains are similar in VAOSMAS-369 and VAO7W-415 at
limited N (Fig 3a), the amount of grain protein produced per plant is higher in VAOSMAS-369
because this genotype exhibited significantly greater NUEP at limited N input (Fig. 2b). Overall,
these results suggest that larger grain protein production per plant and higher grain yield in
VAO8MAS-369 are attributable to rapid N remobilization and transport under limited N.

Besides N compounds, we also analyzed the accumulation of C compounds such as starch
and total soluble sugars in flag leaves (Figs. 4f, 4g). At regular N input, drastic changes in these
metabolites were not observed during the early post-anthesis period (0-15 DAA). However,
restricted N application significantly raised the concentrations of starch and total soluble sugars,
both of which declined by 15 DAA in the two genotypes. At low N input, the amount of starch in
flag leaves was lower in the high NUE genotype, VAOSMAS-369, at 10 and 15 DAA. It has been
recognized that N Ilimitation triggers the increased accumulation of starch and soluble
carbohydrates in various tissues including wheat flag leaves (Wang & Tillberg 1996; Scheible et
al. 1997; Ruuska et al. 2008; Scofield et al. 2009). A possible explanation of this antagonistic

relationship is distinct carbohydrate and energy demand for N transport and assimilation under
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low and high N conditions. At high N application, a large amount of carbohydrate must be
consumed to support energetically expensive N transport and assimilation. By contrast, the
activities of these metabolic processes decline under low N conditions, leading to the reduced
energy requirement and increased carbohydrate accumulation. In this study, starch was degraded
more rapidly in the high NUE genotype, VAOSMAS-369, at limited N supply (Fig. 4f), but it was
not associated with the level of starch in grains (Fig. 3¢). Rather, active degradation of starch in
VAOSMAS-369 at low N may be required for rapid transport of remobilized N to grains at post-

anthesis, resulting in the increases in grain protein production per plant and grain yield.

4.3.5 Effect of nitrogen input on mRNA accumulation of genes associated with leaf
senescence, C and N metabolism in flag leaves at the post-anthesis stage

To determine whether physiological responses observed at distinct N application are
correlated with expression of genes associated with these pathways, we monitored the transcript
accumulation of representative genes involved in leaf senescence, C and N metabolism in flag
leaves at the post-anthesis stage. For this analysis, we did not use RNA extracted from flag leaves
at 15 DAA because high-quality RNA samples could not be obtained from these senesced leaves.
SENESCENCE-ASSOCIATED GENE 12 (SAGI2) is a senescence-associated gene encoding a
C1A cysteine protease. This gene has been used as a marker for leaf senescence in various plants
including wheat (Sykorova et al. 2008; Guo & Gan 2014; Cha et al. 2016). The level of SAGI2
transcript was elevated after anthesis in all genotypes and N treatments, with higher accumulation
at limited N (Fig. 5). Of the two genotypes, VAOSMAS-369 contained more transcript of SAG12
under low N conditions, correlated with rapid chlorophyll and protein degradation in the same

samples (Figs. 4a, 4b).
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Fig. 5. Relative mRNA levels of genes associated with leaf senescence and
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2 and Amy 4 = a-amylase 2 and 4.

Rubisco is the most abundant protein in leaves, broken down by proteolytic enzymes to be

converted into N sources needed during grain filling (Kant et al. 2011). The abundance of mRNAs
encoding Rubisco small (RbscSSUS) and large subunits (RbscLU) declined in flag leaves after
anthesis as a consequence of leaf senescence. Limited N supply suppressed the accumulation of
RbscSSUS in both genotypes, with lower transcript levels in VAOSMAS-369 at all time points. In
addition, the amount of RbscLU more clearly reduced within 10 days after anthesis in VAOSMAS-
369 than VAO7W-415. It appears that synthesis of Rubisco subunits is more rapidly declined at
the transcript accumulation level in VAOS8MAS-369, which is associated with quick leaf

senescence in this genotype at low N. Reduced Rubisco production in the high NUE genotype may

95



contribute to quick allocation of amino acids into grains because the amino acid resource is not
used for synthesis of the most abundant leaf protein. We also analyzed mRNA accumulation of
two a-amylase genes expressed in leaves, Amy2 and Amy4 (Smith et al. 2005; Buchner et al. 2015).
It seems that expression of these transcripts is more responsive to low N in VAOSMAS-369
because the significant accumulation of these mMRNAs was observed in this genotype at most time
points. However, the abundance of Amy4 was constantly higher inVAOSMAS-369 at all time
points, which correlated with more rapid starch degradation in flag leaves of this genotype at low
N.

We extended the gene expression analysis to representative genes associated with N
transport and remobilization (Fig. 6). Plants possess two classes of nitrate transporters: NITRATE
TRANSPORTER 1 / PEPTIDE TRANSPORTER FAMILY (NPF) and NITRATE
TRANSPORTER 2 (NTR2) (O’Brien et al. 2016). NPF transports a wide range of substrates
including nitrate, peptides, amino acids, dicarboxylates glucosinolates, indole-3-acetic acid (IAA),
and abscisic acid (Léran et al. 2014). The members of this family are categorized into eight
subfamilies based on phylogenetic relationships, but substrate specificity is not conserved within
each subfamily (Léran et al. 2014). Unlike NPF, most NTR2 genes transport only nitrate (von
Wittgenstein et al. 2014). In this study, we analyzed expression of two NPF and one NRT2 genes
expressed in leaves. The level of NPF7.1-6D was more abundant in the high NUE genotype,
VAOSMAS-369, at all time points under regular and low N conditions. At limited N, NPF7.2-6B
was more highly accumulated in VAOSMAS-369 as compared to VAO7W-415. Transcript
accumulation of NRT2.1-6B was significantly greater in VAOSMAS-369 under limited N at 10
DAA. According to the functional characterization of NPF7 subfamily genes in Arabidopsis and

rice, at least four members in this subfamily transport either nitrate or dipeptides (Léran et al.
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Fig. 6. Relative mRNA levels of genes associated with nitrogen transport and
assimilation in flag leaves of the two wheat genotypes with contrasting
nitrogen use efficiency at normal and low N input. Data represents means +
SE (n = 3). Bars not sharing the same letter are statistically significant (P <
0.05). NPF7.1-6D and NPF7.2-6B = group 7.of NPF family nitrate
transporters. NRT2.1-6B = a NRT2 family transporter. AAP4 = amino acid
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NAC2 = a NAC transcription factor regulating the expression of NPF7.1-6D,
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2014). Based on a detailed expression proﬁlin§7and phylogenetic analysis of Arabidopsis NPF



genes, Buchner and Hawkesford (2014 )suggested that wheat NPF7.1 plays a role in xylem loading
of nitrate in shoots that are up-regulated under N starvation, whereas NPF'7.2 is involved in nitrate
unloading from the xylem in roots and shoots. On the other hand, NR72 genes expressed in shoots
contribute to phloem loading of nitrate in Arabidopsis (Kiba et al. 2012; Lezhneva et al. 2014).
Altogether, higher expression of NPF7.1-6D, NPF7.2-6B, and NRT2.1-6B at low N can contribute
to enhanced N influx and efflux in flag leaves of the high NUE genotype, VAOSMAS-369. We
also analyzed expression of an amino acid transporter gene, amino acid permease 4 (AAP4), highly
expressed in leaves (Wan et al. 2017). The transcript abundance of this amino acid transporter is
not distinct in the two genotypes at low N. However, the mRNA level was higher in VAOSMAS-
369 under regular N at 0 and 5 DAA, consistent with greater amino acid content in the grains (Fig.
3b).

Wheat still actively absorbs nitrate from the soil after anthesis, which is assimilated into
amino acids (Mackown & Sanford 1986). This study showed that the transcript of nitrate reductase
1 (NR1I) reduced upon anthesis under normal and low N in both genotypes, but significantly more
abundant in the high NUE genotype, VAOSMAS-369 under limited N at 0 and 10 DAA. Glutamine
synthase (GS) and glutamate dehydrogenase (GDH) are key enzymes involved in N assimilation,
but they also play a critical role in N remobilization (Masclaux-Daubresse et al. 2010). Of four GS
mRNAs analyzed, GSI, GS2, and GSrl were more abundantly accumulated in VAOSMAS-369 at
low N input. Similarly, GDH?2 transcript was highly induced in this genotype under limited N
conditions. These gene expression patterns are in accordance with the rapid remobilization of N
compounds in flag leaves and higher protein production per plant in VAOSMAS-369 than VAO7W-

415.
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Wheat NAC2 is a NAC family transcription factor that is highly expressed in flag and older
leaves (He et al. 2015). Overexpression of this gene raised the expression of NRT2.1-6B, NFP7.1-
6D, NPF7.2-6B, and GS2 in shoots and roots, resulting in enhanced grain yield, grain N
concentration, and grain N production per plant under low N conditions (He et al. 2015). In the
present study, the level of NAC2 transcript was induced at low N in both genotypes, with
significantly higher accumulation in VAOSMAS-369 (Fig. 6). This increase in NAC2 mRNA
correlated with higher accumulation of NFP7.1-6D, NPF7.2-6B, NRT2.1-6B, and GS2 as well as
enhanced grain yield and grain protein production per plant in the high NUE genotype. Despite its
exclusive expression in flag leaves (He et al. 2015), the physiological role of NAC?2 in the critical
leaves for grain filling is unknown. The present study suggested a significant role of NAC?2 in the

regulation of N transport and remobilization in flag leaves after anthesis.

4.4 CONCLUSIONS

In this study, the effect of nitrogen input on agronomical, physiological, and molecular
traits associated with NUE in soft red winter wheat genotypes, VAOSMAS-369 and VAO7W-415
was determined. Under ample N conditions, grain yield, grain protein content, and all NUE indexes
analyzed are similar in the two genotypes. However, at limited N, VAOSMAS-369 exhibited
greater performance in terms of grain yield, NUEY, NUEP, and NUpE. Grain nutrition analysis
revealed that VAOSMAS-369 grains contain more total amino acids, but less total soluble sugars
as compared to VAO7W-415. Flag leaves are major source tissues that provide remobilized C and
N compounds for grains after anthesis. Gene expression and metabolite analysis indicate that N
transport and remobilization along with leaf senescence was accelerated in flag leaves of

VAOSMAS-369 relative to VAO7W-415 under restricted N conditions. Altogether, these results
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indicate that high NUEY and NUEP in VAO8MAS-369 result from enhanced N transport and
remobilization in flag leaves upon anthesis.

Under regular N conditions, delayed leaf senescence aids in extending photosynthesis,
leading to increased grain yield and carbon filling, but decreased N remobilization efficiency and
grain protein content (Masclaux-Daubresse et al. 2010). Thus, when senescence is accelerated, N
remobilization is activated to elevate grain protein content although a yield penalty can be
expected. In this study, low N promoted more rapid leaf senescence in VAOSMAS-369 than
VAO7W-415. Early senescence in VAOSMAS-369 was correlated with enhanced expression of
genes associated with N remobilization and reduced levels of protein, amino acids, and ammonium
in flag leaves. These results show that a positive relationship between early senescence and
increased N remobilization is also observed under N limited conditions. In this study, activated N
remobilization does not contribute to high grain protein content. Instead, it results in greater grain
yield and grain protein accumulation per plant at limited N, which is not observed under regular
N conditions in plants (Masclaux-Daubresse et al. 2010).

NUEY is the product of NUpE and NUtE. In this study, high NUEY genotype, VAOSMAS-
369, exhibited greater NUpE than VAO7W-415, but NUtE was similar in the two genotypes. NUpE
is defined as aboveground (grains and straws) content divided by the amount of nitrogen supplied.
Thus, NUpE represents the ability of a plant to take up inorganic N from the soil and transport the
absorbed N to leaves and grains. In this study, ion transporter genes responsible for influx and
efflux of nitrate were significantly up-regulated in VAOSMAS-369 at low N, consistent with high
NUPpE in this genotype. The other NUE component, NUtE is calculated by grain yield divided by
aboveground N content, representing the overall efficiency of N remobilization toward grain

production. In the present study, no significant difference in NUtE was observed between the two
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genotypes, but gene expression and metabolite analysis indicated significantly activated N
remobilization in VAOSMAS-369 at low N supply. These results suggested that NUtE does not
necessarily represent tissue-level N remobilization efficiency, although this indicator is still useful
to estimate overall plant efficiency. This study focused on flag leaf gene expression and metabolite
accumulation after anthesis. Additional experiments that investigate root N uptake, shoot N
transport, and balancing between N assimilation/remobilization in young and old leaves are

necessary to advance our understanding of NUE at the whole-plant level.

Supplementary Table S1: Primer sequences and PCR conditions used for quantitative RT-
PCR

Gene name Sequence (5' - 3") Function Gene Annealing Reference
Accession temp used
ID for qPCR
(WY)]
B-TaTubulin qRT-F ACCGCCAGCTCTTCCACCCT Control U76558 59 He et al,
2015
B-TaTubulin qRT-R TCACTGGGGCATAGGAGGAA
TaNAC2-F CTGGGTGCTCTGCCGGCTCTAC Nitrate inducible NAC | AY625683 63 He et al,
TF 2015
TaNAC2-R CTCCGCCTTGGGCTCCATCATC
TaNRT2.1-6B F GTGGTGCTGTATTTGGCGTCG Nitrate transporter AF332214 60 He et al,
2015
TaNRT2.1-6B R AAGAAGTTGCGTTAGCCCTGC
TaNPF7.1-6D F CTACAAGACCTGCGCCATCTTC Nitrate transporter Traes 6DL_ | 59 He et al,
0A59B823C 2015
TaNPF7.1-6D R GATGAGGTATAGCCGCGAGGAG
TaNPF7.2-6B F CCCAGCAGTCAAAGCAAACACTG | Nitrate transporter Traes 6BL_ | 61 He et al,
E8636E2BC 2015
TaNPF7.2-6B R GGAGGAACACCACCAGGTTCAC
TaGS1-F ATGATCGCCGAGACCACCATCC Glutamine synthetase | DQ124209 60 Buchner et
isoform 1 al., 2015
TaGS1-R TCGTCCAAATCCTCCARTGGCC
TaGS2-F CCGAGACCACGATCCTGT Glutamine synthetase | GQ169684 57 He et al,
isoform 2 2015
TaGS2-R GGTCCTTCATACCTTCAGCG
TaGSel-F TCACCTCCMTGATCGCCGAGA Glutamine synthetase | AY491970 59 Buchner et
isoform el al., 2015
TaGSel-R CACACAGAWRACAGAACCCATC
AAAG
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TaGSrl-F GACATCAGGAGCAAAGCAAGGA Glutamine synthetase | AY491968 60 Buchner et
C isoform rl al., 2015
TaGSrl-R GGAGCCGTCGTAGTTCCACTTG
TaGDH2-F AGGATGGGAGCATTCACCTTGG Glutamate AK331666 59 Buchner et
dehydrogenase 2 al., 2015
TaGDH2-R GGATATAAGAACTKTCATCCACC
ACG
TaRbscSSUS-F GGTGGAGGAGGTCAAGAAGGAG | Ribulose bisphosphate | TC263601 60 Buchner et
carboxylase small al., 2015
subunit 8
TaRbscSSU8-R MGTCGTGAGTGAGCTGTTTAGGC
TaRbscLU-F ACCATTTATGCGCTGGAGAGACC | Ribulose bisphosphate | AY328025 60 Buchner et
carboxylase large al., 2015
subunit
TaRbscLU-R CAAGTAATGCCCCTTGATTTCAC
CG
TaSAG12-F CACTGTCAGTGAAGGCTCAGAG C1A-Cysteine- AB267407 59 Buchner et
Protease  senescence- al., 2015
associated
TaSAG12-R GTCGTGATGCAAATGTTTACGCG
TaSUSY1-F GATGTTCTACGCYCTGAAGTACC Sucrose synthase 1 AJOO1117 60 Buchner et
G al., 2015
TaSUSY1-R GACAAATCATAACGCAGCCGACA
C
TaSUSY2-F GCTCCGCTTTACCGTTCTTGATTC | Sucrose synthase 2 AJ0O00153 60 Buchner et
al., 2015
TaSUSY2-R AACACAGCATCCAGTTCCCCTAC
TaAmy2-F CCGCACACGGCAAAGACTATGC Alpha amylase 2 CJ696404, 60 Buchner et
TC310508 al., 2015
TaAmy2-R TGTGGACAACWTGACTAATTTGC
AGA
TaAmy4-F GCGGCATGTGGAGACAGATATG Alpha amylase 4 CJ564192, 60 Buchner et
TC295912 al., 2015
TaAmy4-R TGCGGTAATCTGGTGTGGTGTAC
TaAAP4-F GGACATCGCCTTTGCATACTCC Amino acid transporter | CJ576694, 60 Buchner et
TC371282 al., 2015
TaAAP4-R TAGAACGTGGTGGTCGTGGAAAC
TaNR1-F GGCCAATTCYTTCATCTCCTTCTG | Nitrate reductase 1 TC236448, 59 Buchner et
Ta.5633.1.S1 al., 2015
xat,
BJ281493
TaNR1-R TACRTSCACAGATTGATGCGTCSA
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CHAPTERS
CONCLUSION AND FUTURE DIRECTION

Since the dawn of traditional agriculture, the focus has been to achieve food security for
our growing population. However, the expected significant rise in our population along with
climate changes become a recent big hurdle to accomplish this goal. These issues result in the
necessity to improve tolerance of economically important food crops against an array of biotic and
abiotic stresses, while improving their yield. Improvement of crop stress tolerance and yield have
been achieved through genetic modifications and increased fertilizer inputs. However, the rate of
crop improvement is not up to par with our population growth and the rate of changes in our
environment causing a plethora of stresses in crops. In addition, the areas of arable land are
constantly decreasing due to industrialization that comes with population growth. At the same
time, costs of production-related inputs are on the rise. Thus, there will always be constant pressure
on scientists and farmers to improve crops for their stress tolerance while increasing their
production using less land and more efficient use of inputs such as fertilizers.

Rice is a widely grown crop worldwide as more than half of the world’s population
consume it as a staple food. Rice is generally grown in flooded paddy fields due to its high water
requirement and suppression of weed growth. However, certain areas experience deep flooding
that completely submerges all parts of rice plants for 7-14 days, seriously damaging rice
production. SUBIA is a key transcription factor that significantly enhances submergence tolerance
in rice. Functional characterization of this gene has advanced our understanding of how some rice
plants can endure complete inundation for more than 14 days at the transcriptional, hormonal, and
metabolic levels. However, the role of SUBIA in recovery from sub-lethal submergence is still

unknown. In this study (Chapter 2), we revealed that the effect of SUB/A continues upon re-
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oxygenation via enabling recovery of the photosynthetic performance and maintenance of energy
reserves. These metabolic adjustments allowed the flooding-tolerant rice to recover to non-
submerged conditions quicker than the non-tolerant line. In Chapter 3, we investigated the role of
SUBIA4 in distinct acclimation responses to submergence in mature and growing leaves. In mature
leaves, energy reserves were rapidly remobilized and transported under submergence, supporting
vigorous elongation of growing leaves. In the presence of SUB1A, these active metabolic processes
were restricted in mature leaves, resulting in the avoidance of energy starvation. In growing leaves,
SUBIA elevated ABA accumulation, but dampened the level of ACC, a precursor of ethylene,
contributing to suppressed elongation and leaf senescence in the youngest leaves.

To further characterize the leaf type specific regulation under prolonged submergence,
additional exploration aiming to narrow down the enriched biological processes in mature and
growing leaves of M202 and M202(Subl) will be necessary. These additional analyses can
enhance our understanding of how SUBIA coordinates distinct adaptive responses in these
functionally distinct leaves to enhance whole-plant viability under submergence. The metabolic
assays suggested the involvement of SUB/A4 in the suppression of sugar and amino acid transport
from mature to growing leaves. This process may be regulated through SUBIA-mediated
repression of IAA accumulation in mature leaves. Future analysis of sugar and amino acid
transport using radio-labeled metabolites will provide direct evidence that SUBIA downregulates
these processes to avoid the starvation of energy reserves in the source leaves.

Wheat is another major staple crop in the world. Wheat production requires large quantities
of nitrogen fertilizers to support high yield and grain protein content. However, a majority of
nitrogen supplied is not absorbed by plants in the same season and can be lost by soil leaching. In

Chapter 4, we investigated how N application affects grain yield, grain protein content, and
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physiological and molecular traits associated with nitrogen use efficiency (NUE) in flag leaves
using two soft red winter wheat genotypes, VAOSMAS-369 and VAO7W-415. Our study showed
that VAOSMAS-369 had higher NUE relative to VAO7W-415 under low N supply. Evidence
supporting this was provided by the higher grain yield, NUE for yield and for protein, and N-
uptake efficiency of VAOSMAS-369 under restricted N. Our metabolite and gene expression
analyses revealed that VAOSMAS-369 has the ability to transport and remobilize available N in
flag leaves after anthesis under limited N supply. This study was performed under controlled
greenhouse conditions. Future field trials in multiple sites x years will allow us to confirm the
mechanisms of distinct NUE in the two wheat genotypes under variable conditions.

In summary, these studies provided useful information to elucidate physiological and
molecular mechanisms of submergence tolerance in rice and NUE in wheat through comparative
analysis of tolerant and intolerant accessions. These generated data will aid in the development of

stress-tolerant accessions in these staple crops through modern biotechnology approaches.
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