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Photosynthesis is a universal process in the plant kingdom that occurs in various green organs, such as leaves, young
stems, green fruits, and ears before maturity, providing a material basis and energy supply for multiple physiological
metabolic processes in plants. Plant organs that can perform photosynthesis are considered photosynthetic source
organs, which mainly include the leaves of plants, while the storage organs of the organic matter synthesized by
photosynthesis represent photosynthetic sink organs, which include mainly stalks, roots, and fruits. At different growth and
development stages, the photosynthetic sources and sinks can change accordingly.
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| 1. Introduction

Photosynthesis is a universal process in the plant kingdom that occurs in various green organs, such as leaves &, young
stems @, green fruits Bl, and ears before maturity ! providing a material basis and energy supply for multiple
physiological metabolic processes in plants Bl Plant organs that can perform photosynthesis are considered
photosynthetic source organs, which mainly include the leaves of plants, while the storage organs of the organic matter
synthesized by photosynthesis represent photosynthetic sink organs, which include mainly stalks, roots, and fruits 8. At
different growth and development stages, the photosynthetic sources and sinks can change accordingly. For instance,
when plants are in the seedling stage, leaves and stems act as both sources and sinks of photosynthesis because
photosynthates are supplied for their own growth and development. Photosynthesis is disrupted by a variety of complex
factors, including abiotic stresses caused by water !, temperature &, light ¥, and mechanical damage 19 and biological
stresses caused by insects and pathogens 1122l |n contrast, photosynthetic changes during this process may be related
to responses to these factors.

2. Wheat and Its Fungal Pathogens Constitute Ideal Pathogen Systems for
Studying the Role of Photosynthesis in the Process of Resistance
Development

Wheat is one of the most important crop species and has been a staple food of humans for thousands of years worldwide
(131 The growth period of wheat is longer than that of other food crop species such as maize and rice, making wheat more
susceptible to various pathogens and diseases during its growth and development 4. Among these diseases, the wheat
powdery mildew caused by the obligate biotrophic fungus Blumeria graminis f. sp. tritici ( Bgt ), stripe rust caused by the
biotrophic parasite Puccinia striiformis f. sp. tritici ( Pst ), and Fusarium head blight (FHB), which is caused mainly by
Fusarium graminearum species, are the three most severe diseases affecting both yield and quality 22268l The basic
characteristics of the three diseases are listed in Table 1 . Wheat powdery mildew is an epidemic disease worldwide,
especially in regions such as southwestern China, whose environment is temperate and rainy during the wheat growing
season 14, Furthermore, powdery mildew can occur throughout the whole growth period of wheat, and the optimal
temperature for its occurrence is 15-20 °C 18| For the infected position, Bgt pathogens infect mainly the leaves and
sometimes also infect green awns, glumes, and stalks 1. These organs differ largely in the position of the plant, but they
are usually considered photosynthetic source organs at the developmental stage because of their strong photosynthetic
competence 29, Therefore, wheat powdery mildew is a typical source disease from the perspective of photosynthetic
function. Wheat stripe rust is also one of the most threatening diseases in wheat production worldwide 21, especially in
temperate climates. Stripe rust can occur during the whole growth period from seedling emergence to maturity, and the
optimum temperature for its occurrence is 13—-16 °C [2223] The tissue specificity of stripe rust is stronger than that of
wheat powdery mildew, which mainly parasitizes leaves, the main source of wheat photosynthesis, and seldom occurs in
wheat stems and glumes [24, Therefore, wheat stripe rust is also a typical source disease from the perspective of source—
sink relationships.

Table 1. Characteristics of the three major fungal diseases of wheat.



Major Diseases pathogen Position of Infection Optimal Classification of
in Wheat 9 Infection Period Temperature Diseases

Blumeria graminis f. whole growth

Powdery mildew sp. tritici (Bgt) leaf period 15-20 °C [32] source disease
. Puccinia striiformis f. whole growth o .
Stripe rust sp. tritici (Pst) leaf period 13-16 °C [36,37] source disease
Fusarium head .Fusarlum . o . .
bliaht graminearum species ear adult stage 20-25 °C [39] sink disease
9 complex

It is well known that the occurrence of FHB in wheat is extremely harmful to the quality of wheat because the causal agent
produces the mycotoxin deoxynivalenol (DON), which is poisonous to both humans and animals [23. At the same time,
FHB can also cause great loss of wheat yield, especially under the environment conditions suitable for F. graminearum
growth and breeding 28271, F. graminearum infects mainly the ears of wheat at the adult stage, and they are generally
considered sink organs due to their role as a storage location for photosynthates in wheat. Therefore, in contrast to wheat
powdery mildew and stripe rust, FHB is a typical sink disease. Measurements of photosynthesis parameters of FHB-
resistant/susceptible sister-line wheat after inoculation with F. graminearum showed that the photosynthesis rate of
susceptible wheat leaves did not change significantly, while the photosynthesis rate of resistant wheat leaves decreased
significantly in the early stage after pathogen infection, but the resistant genotype produced a larger yield than the
susceptible genotypes did [28. This indicates that the decrease in photosynthesis rate could play a key role in inducing
systemic resistance to maintain the ultimate yield.

The mechanism through which both stripe rust and powdery mildew cause yield losses could be different from that of FHB
because of the difference in the infection positions. A variety of wheat leaf diseases can reduce the amount of green leaf
area, resulting in a decrease in chlorophyll contents in the infected parts 22, which directly reduces the photosynthesis
capacity and both the synthesis and the accumulation of organic matter in photosynthetic source organs, leading to a
decline in wheat yield B9, For instance, the chloroplast envelope of wheat mesophyll cells is disrupted after infection with
Bgt , and the thylakoid becomes enlarged 4. The effector protein of wheat stripe rust fungus can inhibit chloroplast
function Bl and Pst infection can also reduce the chlorophyll content in wheat leaves B2, However, there may be several
reasons for wheat yield loss caused by FHB. Studies have indicated that damaged photosynthetic sink organs may inhibit
photosynthesis at the source via feedback mechanisms, which could be the important reason to explain the yield loss
caused by FHB [281133],

In addition, a few reports have indicated that photosynthesis may be involved in wheat immune defense responses to
fungal pathogens and may influence resistance formation because changes in photosynthesis may provide an important
signal for maintaining source—sink balance during interactions between wheat and pathogens 2234l However, there are
few relevant research reports on the role of photosynthesis in influencing the formation of wheat resistance, and those
studies have focused mainly on photosynthetic changes after inoculation with pathogens, so knowledge about the
influence of photosynthesis is very fragmented or not systematic 3. Both wheat powdery mildew and stripe rust are
source organ diseases, and FHB is a sink organ disease. Hence, wheat and its fungal pathogens constitute an ideal
pathogen system for exploring the role of photosynthesis in the development of wheat resistance.

3. Relationships between Yield and Photosynthetic Changes Caused by
Pathogen Infection in Wheat

Decreases in wheat yield caused by pathogen infection have always been a focus of wheat breeders and physiologists
(361 A large number of studies have reported adverse effects of wheat leaf diseases (such as powdery mildew and stripe
rust) and ear diseases (such as FHB) on wheat yield BAE8] |nfection of wheat powdery mildew at the seedling stage can
affect the growth and development of wheat plants 2 and can further lead to a decrease in grain filling and grain weight
at the adult stage 9. Wheat stripe rust infection not only can reduce the number of tillers at the tillering stage 22 but also
can significantly reduce the grain number per spike and 1000-grain weight at the adult stage 41, Wheat stripe rust and
powdery mildew have very similar effects on wheat yield because they both directly act on the source organs of wheat
photosynthesis and cause wheat yield losses through long-term inhibition of photosynthesis in wheat leaves E8142143] |
addition, both Bgt and Pst are parasitic fungi that rely on host metabolism to provide carbohydrates, amino acids, and
inorganic nutrients 44145 The growth and reproduction of a large number of pathogens directly consume nutrients in
photosynthetic source organs, further reducing wheat yields 441,



The production of the mycotoxin DON in diseased wheat ears is the main negative effect caused by FHB but could also
lead to severe yield losses due to a damaged photosynthetic sink and a disrupted source-sink balance 22I[28] |t has been
reported that FHB can cause 10-70% yield losses in years in which epidemics occur BY. Unfortunately, how the damage
of photosynthetic sink organs causes the changes of photosynthetic source organs remains to be further explored. It has
been reported that the activity of photosynthesis-related enzymes and the expression of associated gene transcripts are
modified by sink demand 48], Stomatal closure is a plant's first line of defense against pathogens 4%, Recent studies have
suggested that the reduced photosynthetic efficiency of susceptible wheat leaves is regulated by stomatal factors after the
occurrence of FHB symptoms, while the Gs of resistant wheat leaves did not show a significant decrease under the same
treatment (281381, These reports suggest that when pathogens attack the photosynthetic sinks of wheat, there is some kind
of feedback regulatory mechanism that alters the balance between photosynthetic sources and sinks by adjusting
photosynthesis parameters.

Infection of wheat pathogenic fungi in the leaves and ears can cause a decrease in photosynthesis in wheat leaves. The
decline in photosynthesis in the early stage of various fungal pathogens invasion in wheat are listed in Table 2 . In
incompatible reactions, the decrease in photosynthesis capacity of the host may be due to the material and energy
needed for defense 8], while in compatible reactions, the decrease in photosynthesis capacity may be due to the damage
caused by pathogen infection of the host 2B, Unlike the transcriptomic and photosynthetic changes in sister wheat lines
after inoculation with Bgt. , it was found that the inhibition of photosynthesis in resistant wheat paralleled the global
downregulation of photosynthesis-related genes to actively regulate the immune response, but the decrease in
photosynthesis in susceptible wheat lines is caused by stomatal closure and did not regulate the immune response B4,
The infection of wheat stripe rust also causes a phenomenon similar to that caused by powdery mildew. The Pn of the
resistant cultivar CN19 carrying the gene Yr41 2 and the susceptible cultivar Sy95-71 decreased significantly at 72 h
after inoculation with Pst compared with no inoculation B2, By exploring the resistance mechanism of wheat resistance
genes, it was also found that, by inhibiting photosynthesis, the stripe rust resistance gene Yr36 could provide broad-
spectrum resistance to Pst races in wheat at the adult stage 23], Studies on the signals of photosynthetic changes caused
by wheat leaf diseases have also suggested that the resistant genotypes of wheat could actively regulate photosynthetic
changes to mediate specific immune defenses against the invasion of pathogens, albeit at a cost of greatly reduced
photosynthesis capacity in the initial stage of pathogen infection 24, Taken together, these results indicate that the
changes in photosynthesis parameters in the early stage of stripe rust and powdery mildew infection in wheat were related
to the development of resistance.

Table 2. Changes in photosynthesis and antioxidant enzyme activity in response to the three main fungal pathogens in
wheat at the early stage of infection (within 72 h).

Major Diseases in Wheat Parameter (Leaf) Wheat Cultivar/Line Resistance Oh 12h 24h 48h 72h

Powdery mildew Pn [25] L658 R CG ~ 2 - ~
L958 S CG N 2 - N

SOD [25] L658 R CG - - - ~

L958 S CG 2 - ~ N

CAT [25] L658 R CG N 2 ~ 2

L958 S CG - V ~ N

Stripe rust Pn [24] CN19 R CG - - - ~
Sy95-71 S CG — - - N

Pn [73] psbo-Al Mutant R — - — N —

Kronos S — - — CG —

Fusarium head blight Pn [74] L693 R CG - N - -
L661 S CG - - - -

SOD [74] L693 R CG — ™ - -

L661 S CG — 2 - -

CAT [74] L693 R CG — 2 - -

L661 S CG - N N N



CP: control group; “: indicates that the current time has decreased significantly from the previous point in time; 2:
indicates that current time has increased significantly from the previous point in time; - : indicates that current time had no
significant change from the previous point in time; —: indicates that no available data were detected.

Interestingly, photosynthesis-related parameters in the ears and leaves of resistant and susceptible wheat were found to
be significantly different after inoculation with F. graminearum 2. The photosynthesis of wheat spikes increased at the
early stage of inoculation in both resistant and susceptible plants, although the spikes were directly infected by F.
graminearum ; however, there was a larger increase in the ears and a larger decrease in the leaves in the resistant plants
than in the susceptible plants B2, Therefore, changes in the photosynthesis parameters of different genotypes of wheat
may provide important insight into the mediation of immune defense responses to wheat sink diseases.

4. ROS Produced by Photosynthesis Relay Compatibility or
Incompatibility Signals

Photosynthesis can regulate the immune defense response in many ways, the most important of which is by inducing the
production of ROS and regulating changes in hormones 1234481 ROS, including singlet oxygen ( 10 2), superoxide
anion radicals (O 2¢- ), hydrogen peroxide (H 20 2), and hydroxyl radicals (*OH) are produced mainly during interactions
between metabolic intermediates and oxygen during photosynthesis 857 The concentration of ROS in plants is
maintained usually at low levels due to rapid and precise regulation by various antioxidant enzymes, mainly catalase
(CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX), and peroxidase (POD) 4. The metabolism of ROS
has a dual role in plant growth and development. On the one hand, high concentration of ROS accumulation in plant cells
can ultimately damage proteins, lipids, and nucleic acids and can even disrupt photosynthesis, and ROS are toxic to many
cellular processes in plants B8I5A6A  On the other hand, a role for ROS in the immune defense has gradually been
elucidated, indicating that ROS play a crucial role in plant immune defense B4, The production of ROS is one of the
earliest cellular reactions following pathogen recognition 2. Many studies have revealed that low concentrations of ROS
can activate the expression of defense-related genes and induce various defense responses 63l while a high
accumulation of ROS can be used as a defense weapon to resist pathogen invasion 4. In addition, ROS can regulate
immune defense through interactions with plant hormones B2l58] and the synergistic effect of ROS and salicylic acid (SA)
plays an important role in mediating the hypersensitive response (HR) 488 |n interactions between plants and
pathogens, the ROS that accumulate are generated mainly by photosystem | (PSI) and PSII during photosynthesis €2,
Therefore, the changes in ROS caused by photosynthetic changes could be an important factor explaining why early
photosynthesis is involved in the development of plant disease resistance, which ultimately results in compatibility or
incompatibility between pathogens and hosts.

A large number of studies have suggested that the accumulation of ROS, particularly H 20 2, constitutes an important
signal that is transmitted and may determine the compatibility between pathogenic fungi and wheat in the early stage of
infection BT For instance, transgenic experiments confirmed that, after being transferred to a resistance gene, the
powdery mildew resistance of susceptible wheat variety Yangmai 158 was significantly improved at the seedling and
mature stages and accumulated more ROS at the Bgt infection position /2. The results indicate that ROS could improve
the resistance of wheat to powdery mildew. By measuring the changes in ROS and photosynthesis in resistant/susceptible
sister wheat lines after inoculation with Bgt , Hu et al. 51 reported that two stages of H 20 2 bursts occurred during the
incompatible reaction process and that a single low-amplitude and transient H 20 2 outbreak in susceptible wheat lines
was not sufficient to induce the HR. In addition, ROS signaling plays a crucial role in the immune response to stripe rust
caused by the parasitic fungus Pst . Overexpression of LSD-1-like zinc-finger protein ( TaLOL) , which actively regulates
the ROS signaling pathway, can enhance resistance to stripe rust by inducing the production and accumulation of ROS
and cell death, while silencing TaLOL2 increases sensitivity to avirulent races of Pst and reduces ROS production in
wheat 79, These results indicate that the accumulation of ROS acts as an important signal of immune defense in wheat
leaf diseases caused by parasitic fungi.

FHB resistance is an extremely complex trait that is controlled by multiple quantitative trait loci (QTLs) and includes the
additive effect of several genes 78], Wheat resistance to FHB consists of two main types: resistance to the initial infection
(type | resistance) and resistance to the spread of the disease within the wheat head (type Il resistance) 4. F.
graminearum , the causal agent of wheat FHB, is a hemibiotroph that can absorb nutrients from dead tissues, so the HR
mediated by the accumulation of ROS may not easily effectively resist FHB 2. The results of some studies on the
changes in ROS levels during FHB infection are consistent with our views. For instance, comparative transcriptome
analysis suggested that ROS may accumulate in susceptible mutants of the wheat cultivar Wangshuibai after inoculation
with F. graminearum but not in FHB-resistant cultivars of Wangshuibai 8. Another example is the FHB-resistant line
L693, which exhibits temporary infection symptoms due to insufficient accumulation of ROS after inoculation with F.



graminearum , after which systemic acquired resistance (SAR) is induced in distal tissues via the SA pathway to resist
pathogen invasion 221, These results indicate that type Il resistance to spreading within the wheat head mediated by the
jasmonic acid (JA) or SA pathway may determine the compatibility between pathogens and wheat instead of mediating a
strong immune defense response based on ROS at the site of parasitic fungal infection BIZEIZA Therefore, it is difficult to
determine the compatibility of F. graminearum with wheat by outbreak of ROS in the infected position, but ROS produced
in a pathogen-infected position may play a role in signaling pathways because ROS are closely related to the SA pathway.
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