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C and N are the most important essential elements constituting organic compounds in plants. The shoots and roots
depend on each other by exchanging C and N through the xylem and phloem transport systems. Complex
mechanisms regulate C and N metabolism to optimize plant growth, agricultural crop production, and maintenance

of the agroecosystem.
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| 1. Metabolism and Transport of C and N

C and N are the most important essential elements in plants, animals, and microorganisms. They act as limiting
factors for plant growth and crop yield, which makes their metabolism and transport important for agricultural
practices. Plant roots absorb water and nutrients from the soil and transport them to the shoots via xylem vessels
in the roots, stems, and leaves. Transpiration through the stomata in the leaves and root pressure are two driving
forces the “pull” the water and dissolved nutrients upward from the roots to the leaves against the force of gravity.
Plant roots generally absorb N in the form of ammonium and nitrate, the most dominant available N compounds in
upland soil except for soil organic matter. Plant roots can absorb some organic N compounds, such as amino
acids, although their contribution is generally low under natural conditions. Nitrate is the most abundant inorganic N
form in upland fields because ammonium is readily oxidized to nitrate by nitrifying bacteria under aerobic
conditionsWNitrate is absorbed through the nitrate transporters located in the plasma membranes of the cells and
is reduced to nitrite by the enzyme nitrate reductase (NR) in the cytoplasm using NADH or NADPH as a reductant.
The nitrite ions are incorporated into the plastids and further reduced to ammonium ions via enzyme nitrite
reductase (NIiR).

The leaves play a role in photosynthesis, which uses light energy to produce carbohydrates from the atmospheric
CO, and root-derived H,O while simultaneously releasing O, as a by-product (Figure 1). Sucrose is the main form
of photoassimilate transported from the mature leaves to the roots, symbionts, and growing sink organs, such as
buds, flowers, and fruits, via the phloem. Leaves play an important role in N metabolic processes, such as nitrate

reduction, assimilation, and amino acid transport, to support other organs.
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Figure 1. Overview of the C and N flow among plant organs

As shown in Figure 1, there are two routes by which materials are transported among plant organs in the vascular
system of the xylem and phloem. The xylem vessels are a system of pipes made up of dead cells, through which
water and absorbed nutrients, such as N, P, K, Ca, Mg, and minor elements, are transported from the roots to the
shoots (Figure 2). The major driving forces for the upward movement against gravity are transpiration and root
pressure. Photoassimilates (mainly sucrose), amino acids, and minerals such as K are transported bi-directionally
from the leaves to the roots, buds, and fruits via a sieve tube in the phloem. This sieve tube is a channel of sieve-
tube cells connected end-to-end, similar to xylem vessels. The gradient of the osmotic pressure between the
source and sink organs is considered to be a driving force for the constant flow of phloem sap. However, the
cooling of parts of the stems of some plant species causes a reversible decrease in phloem transport, suggesting

that some biological processes, such as cytoplasmic streaming, may influence phloem transport.
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Figure 2. Transport of C and N and regulatory signals through the phloem and xylem.

| 2. Regulation and Interaction of C and N Metabolism

The exchange of C and N between the shoots and roots through the xylem and phloem is crucial. N plays a
significant role in C metabolism due to its function in protein synthesis. Likewise, C compounds are essential for N
absorption, nitrate reduction, N, fixation, and amino acid metabolism to generate C skeletons, metabolic energy,
and reductants. Since a significant amount of fixed C is required to provide the C skeletons that act as acceptors
for assimilating N into amino acids to form proteins and other nitrogenous compounds, a correlation between
carbohydrate content increases and the downregulation of genes involved in photosynthesis and N metabolism has
been reported@. N is a limiting factor for the growth and yield of most of cropsEl. When N availability is low, plant
growth is stunted, and the leaves show chlorosis because of a decrease in the photosynthetic pigment chlorophyll.
Besides under N deficiency conditions, the N in mature leaves is also mobilized to the growing parts and enhances
the senescence of older leaves. An increase in the N supply stimulates plant growth, making the plant taller, and
also delays senescence. Furthermore, the N supply changes the plant morphology, as shown by an increase in the
shoot to root dry weight ratio of both annual and perennial plant species 4. However, excess N in the soil can be
harmful to plants because it stimulates the overgrowth of vegetative organs and inhibits the growth of reproductive
organs, ultimately decreasing crop yields2I8, The root architecture is modified by the levels and the placement of
N in the soil. Yashima et al.lZl showed that soybean plants cultivated under an N-free nutrient solution have longer

roots than plants with a nitrate supply.

The green revolution drastically increased cereal crop yields by up to two to four times by selecting semi-dwarf
varieties, tolerant to the application of high amounts of chemical N fertilizers over original domestic varieties,
ultimately showing overgrowth and lodging under high-N conditions. Increasing the productivity of the green
revolution varieties of cereals increased environmental damage because of the increased application of N fertilizers
and that it is vital to improve N-use efficiency (NUE) to solve environmental pollution problemstl. The antagonistic
activities and physical interactions of the rice growth-regulating factor4 transcription factor and the growth
repressing DELLA (Aspartic acid-glutamic acid-leucine-leucine-alanine) protein are required for the homeostatic
regulation of C and N metabolism and growth®. In wheat, bioactive gibberellins (GAs) promote plant growth by
stimulating the degradation of DELLA proteins. In addition to playing a role in nutrition, C and N may act as signals
to regulate nutrient absorption, assimilation, photosynthesis, and eventually plant growth and crop yield through the
expression of related genes, enzymatic activities, and signal transduction networks[2. Nitrate is absorbed by nitrate
transporters (NRTs), and ammonium by ammonium transporters (AMTS), in the plasma membrane. The nitrate
transporter, nitrate reductase, and glutamine synthetase genes were observed to be induced in sugar-depleted
Arabidopsis supplied with extra exogenous sugar 29, Three genes, nitrate transporters (LIN1/NRT2.1), glutamate
receptor (GLR1.1), and a methyltransferase named oversensitive to sugar 1 (OSU1), were found to be involved in
C—-N signaling in ArabidopsisitL. It was found that 2-phosphoglycolate (2-PG) derived from the oxygenase activity

of Rubisco and 2-OG from the tricarboxylic acid (TCA) cycle act as C and N starvation signals, respectively.
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Glutamate plays an essential role in the excitation of neurotransmitters in the mammalian nervous system via a
family of ionotropic glutamate receptors (iGluRs) [12, In 1998, it was found that plants contain a family of glutamate
receptor-like (GLR) genes that are related to the mammalian iGluRs22l. In animals, iGIuRs operate as Glu- and
Gly-gated non-selective cation channels allowing the uptake of K*, Na*, and Ca2* into neurons, but plant GLR
receptors have much broader amino acid specificity via Ala, Asn, Cys, Glu, Gly, and Serll4, However, despite
significant recent progress in elucidating the functions and modes of action of the N sensory signaling systems,
there is still much uncertainty about the extent to which they contribute to the process by which plants monitor their

N status.

3. C and N metabolism through plant-microorganism
interactions: mutualistic, pathogenic, and microbial volatile
compounds

Plants release substantial amounts of complex photosynthetically derived C (20% to 50%) as exfoliates and root
exudates (e.g., organic acids, flavonoids) into the rhizosphere 13 an input that plays a crucial factor in the
increasing microbial abundance and activity in the rhizosphere compared to bulk soil. The extent to which this C
flow (together with N assimilation and partitioning) is integrated into root and rhizosphere functions is of great
interest for both basic (model plants and ecology) and applied sciences to increase crop yield and engage in plant
disease control and/or bioremediation, thereby meeting our dramatically increasing demand for food. In this
context, microorganisms have strong impacts on the organization and functioning of C and N metabolism in
plants. According to their lifestyles (their involvement in the plant host), microorganisms can be divided into two
groups, detrimental pathogen species (biotrophic to necrotrophic) or, more commonly, those with neutral or
mutualistic interactions (e.g., below-ground, such as mycorrhiza, plant growth-promoting rhizobacterias (PGPRS),
and rhizobia and above-ground, such as endophytes or epiphytes). In this context, the types of plant—microbe
interactions encompass competition, commensalism, mutualism, and parasitism, which can affect C and N
metabolism. Both mutualistic and pathogenic microbes can colonize either sink or source organs and interfere with

the source—sink balance due to their required sugar supply from host plants to the heterotrophic colonizing agent.

The beneficial plant—microbe interactions positively affecting plant growth, obtained via PGPR, pseudomonas,
bacilli, trichoderma, diazotrophs, arbuscular mycorrhizal fungi (AMF), phosphate-solubilizing fungi, and bacteria or
cellulose-degrading bacteria, are dependent on many external factors, including photosynthesis activity, plant size,
and soil conditions L8171, C handling is a fundamental aspect of the mycorrhizal symbiosis. AMF derive most of
their C from the host plant by increasing plant biomass and photosynthesis and directing the flow of a significant
fraction of the host plant’s photoassimilates. Between 20% to 40% of the photoassimilates in host plants flow to
mycorrhizal root systems (sink) to support these beneficial interactions8l. In exchange, the AMF extraradical
mycelium improves P acquisition by plants2220[211i22]: this P js used for energy supply, regeneration of the CO,
acceptor RuBP, and regulating the ratio of starch: Sucrose biosynthesis [23l241123] Moreover, mycorrhizal hyphae
are thought to take up ammonium, nitrate, amino acids, and phosphate from the soil solution28l27 Besides,

several studies on legume-rhizobia symbiosis, such as that in PGPR, demonstrated the importance of reduced C
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from plant photosynthesis in the form of carbohydrates, as well as amino acid and organic acid resources for the
symbiotic N,-fixation that occurs in the root nodules(2829, The plant-microbe interactions may involve PGPR-
triggered changes in plant sugar transport and C and N metabolism, which could lead to a regulated pool of sugars
available for the PGPR and contribute to establishing and maintaining plant-PGPR symbiosis and its positive
effects on plant fitnessBYBL, As N,-fixation enhances the leaf N mass fraction, it should also stimulate the plant
photosynthesis rate by increasing RuBP activity and electron transport rates22. Microbes also synthesize and emit
many volatile compounds (VCs) that can exert either inhibitory or stimulatory effects on plant growth by targeting
the biochemical reactions that take place into the living cells[331[34I35136] - depending on the microbial culture
conditions, volatile emissions from some beneficial rhizosphere bacteria and fungi can promote plant growth[S718]
[39][40141]  Mmicrobial VCs can promote changes in plants’ photosynthetic capacity, C metabolism, and transitions
from source to sink status in photosynthetic tissues/#2l43li44] - Moreover, microbial VCs have also been shown to

increase root biomass and architecture, despite the aerial part 4245]46]

In contrast to the situation in mutualistic symbiosis, biotrophic pathogens, including fungi, bacteria, and viruses,
hijack host cells plants to suppress host immunity and take advantage of their nutrients, mainly sugars, for
surviving and reproducing without returning any benefits to the host. The interactions between plants and
biotrophic fungi (e.g., rust and powdery mildew) are cited more often as models for the study of pathogen-related
modifications of C and N metabolism and partitioning. In the same line, plant—biotrophic virus interactions cause
profound and dynamic modulations of the host’'s primary metabolism. These perturbations include soluble sugar
and starch accumulation at the infection sites, as well as reduced photosynthetic capacity indicative of a source to
sink conversion4d. Viruses exploit the assimilate transport system for their long-distance transport by interacting
with the viral proteins to host factors and components of the long-distance transport machinery. In exchange, by
activating the genes involved in carbohydrate catabolism cascades, such as glycolysis and the TCA cycle, plants
use C and N metabolic pathways not only as a source of energy to drive extensive defense responses but also as
a source of signaling molecules to trigger defense responses. In this line, as an inhibitory effect, VCs function as
suppressors of immune responses, likely leading to the direct or indirect involvement of reactive oxygen species
(ROS) as a signal leading to chlorosis. It has also been described that some VCs, via the primary transcriptional
response, negatively affect the biological membranes represented by transport systems for sugar and amino acid
permeability!48],

4. Carbon and Nitrogen Metabolism under Environmental
Stresses

The most remarkable end-product of carbohydrates fixated by photosynthesis is the starch in plastids. Starch is a
characteristic storage substance in plants that is not synthesized in other organisms. Starch is also the most
important carbohydrate in the human diet. Starch is composed of amylose and amylopectin, which are glucose
homopolymers and appear as semi-crystalline granules in plastids. Starch biosynthesis is performed with at least
four enzymes: ADP-glucose pyrophosphorylase (AGPase), starch synthase (SS), starch-branching enzyme (BE),

and starch-debranching enzyme (DBE). There are several proposed pathways for starch biosynthesis in plastids
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(491501 Al starch synthesizing enzymes are encoded in the nuclear DNA. Nuclear-encoded plastidial proteins are
generally synthesized in the cytosol and post-translationally imported into the organelle. The precursor proteins of
starch synthesizing enzymes possess an N-terminal presequence called a transit peptideBUB2B3IBA which is
necessary for, and also sufficient for, plastidial targeting and translocation initiation. The transit peptide is caught
and interacts with the translocon at the outer envelope of the chloroplast (TOC) complex; then, protein import
across the inner envelope is facilitated by the translocon at the inner envelope of chloroplast (TIC) complex23I58]
71, After import, processing and folding of the precursor protein take place inside the plastid. Starch biosynthesis is
regulated at both the transcriptional and posttranslational levels. On the contrary, starch degradation has been
intensively investigated in germinating cereal seeds; a-amylase, debranching enzyme (R-enzyme), and o-
glucosidase are involved in the breakdown process8l39 |t has also been shown that a-amylase significantly
contributes to the mechanism of starch breakdown in living cells of cereals8U6162 |t js worth noting that starch

metabolism-related enzymes transport, localize, and functionalize plastids via diverse routes(€2l.

Diversification of the starch biosynthesis pathways occurring in both autotrophic and heterotrophic organs is likely
finely regulated in response to the environmental inputs. Recently, extremely high temperatures during the ripening
season of rice caused a decrease in yield and grain quality. It was reported that heat stress causes and stimulates
grain chalkiness, which refers to damaged grain with loosely packed abnormal starch granules [E4I65I(66[67](68]
Severe grain chalkiness can lead to reductions in grain weight, resulting in yield losses. A proposed model of grain

chalking under high-temperature stress is illustrated in Figure 3.

Perfect Chalky

Figure 3. A proposed model of grain chalking under high-temperature stress.
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