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ABSTRACT 

Plants interact with the dynamic environment constantly. Photorespiration is a 

physiological process that occurs simultaneously with photosynthesis and is often considered 

wasteful. However, photorespiration involves the coordination of multiple organelles and 

connects with various primary metabolic pathways, thus its response to the environment greatly 

influences the fate of plants. The roles of photorespiration in plant interaction with the dynamic 

environment are still not very clear. To investigate the underlying mechanisms, I applied various 

strategies to dissect the roles of photorespiration in plant response to both abiotic and biotic 

environmental factors.  

Previous studies from my lab found that some Arabidopsis photorespiratory mutants only 

exhibit obvious photosynthetic phenotypes under high and dynamic light conditions, suggesting 

that photorespiration is regulated by high light. To identify potential modulators of 

photorespiration under such conditions, I performed a genetic screen for suppressors of the 

Arabidopsis photorespiratory mutant, hpr1, which is defective in the peroxisomal 

hydroxypyruvate reductase 1. A suppressor that partially rescued the small rosette of the hpr1 

mutant was mapped to GLYR1, which encodes the cytosolic glyoxylate reductase 1 that converts 

glyoxylate to glycolate. Independent loss-of-function alleles of GLYR1 also recapitulated the 

partial rescue of hpr1 in plant appearance and photosynthetic and photorespiratory activities. 

Interestingly, glyr1 also suppressed the phenotypes of the photorespiratory mutant catalase 2, but 

not a null allele of the PLGG1 (Plastidic Glycolate Glycerate Transporter 1) gene. Further 

investigations using metabolic and genetic tools provided evidence of a possible cytosolic 

glyoxylate shunt, which is triggered under high light conditions and in the absence of a properly 

functional main photorespiratory pathway. This shunt reduces the accumulated cytosolic 

glyoxylate to hydroxypyruvate, thus helping with carbon recycling through the cytosolic HPR2 

enzyme. These findings support the metabolic flexibility of the photorespiration network under 

stress conditions.  

My transcriptomic analysis of hpr1 and its suppressor glyr1 hpr1 also supports the 

existence of this non-canonical cytosolic pathway. Drastic transcriptional reprogramming that 

involves broad cellular functions was found in the hpr1 mutant, which can be largely reverted by 

defective GLYR1. The rescuing effect of glyr1 is only prominent when HPR1 is absent, 

supporting the view that the accumulation of photorespiratory intermediates in hpr1 causes a 



 

stressful cellular environment that disrupts biological processes globally, and that glyr1 partially 

prevents this metabolic accumulation.  

To investigate the role of photorespiration in plant response to biotic stress, I analyzed the 

performance of photorespiratory mutants in plant immune response. My data showed that 

deficiencies of the peroxisomal photorespiratory enzyme HPR1 and the chloroplastic transporter 

PLGG1 compromised response in both layers of immunity, pattern-triggered immunity and 

effector-triggered immunity, and these defects can be rescued when the plants were grown under 

high CO2 conditions. These findings suggest that HPR1 and PLGG1 contribute to plant immune 

response via the photorespiratory pathway.  

My research broadens our understanding of the role of photorespiration in plants under 

stress conditions, which may help with agricultural efforts to improve crop performance in 

response to the changing environment. 
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CHAPTER 1. Background 

1.1 Photorespiration  

Photorespiration, a biological pathway that is closely linked to photosynthesis, is initiated 

by the oxygenation of ribulose 1,5-bisphosphate (RuBP) catalyzed by ribulose 1,5-bisphosphate 

carboxylase-oxygenase (rubisco), producing 2-phosphoglycolate (2-PG) which can inhibit 

cellular functions when accumulated. In this pathway, 2-PG is first dephosphorylated by 2-PG 

phosphatase (PGLP) to produce glycolate, which is then transported out of the chloroplast by 

plastidial glycolate/glycerate transporter 1 (PLGG1) and bile acid sodium symporter 6 (BASS6). 

Upon entering the peroxisome, glycolate is converted to glyoxylate by glycolate oxidase (GOX), 

producing H2O2 that is then scavenged by catalases (CATs). Both glutamate:glyoxylate 

aminotransferase (GGAT) and serine:glyoxylate aminotransferase (SGAT) catalyze the 

conversion of glyoxylate to glycine. After transporting to the mitochondrion, glycine is converted 

to serine by the glycine decarboxylase complex (GDC) and serine hydroxymethyltransferase 

(SHMT), accompanying the tetrahydrofolate (THF) cycle and releasing CO2 and NH3. Serine is 

then transported back to the peroxisome, converted to hydroxypyruvate by SGAT, and 

subsequently reduced to glycerate by hydroxypyruvate reductase 1 (HPR1). HPR2 is an HPR 

isoform that reduces hydroxypyruvate to glycerate in the cytosol. Finally, glycerate is imported 

into the chloroplast through PLGG1 and phosphorylated to 3-phosphoglycerate (3-PGA) by 

glycerate kinase (GLYK) to recycle back to the Calvin-Benson cycle. Photorespiration consumes 

ATP in the chloroplast and NAD(P)H in the peroxisome and the cytosol, and releases NADH in 

the mitochondrion (Eisenhut et al., 2019) (Fig. 1.1).  

Because photorespiration itself, the regeneration of RuBP from 3-PGA, and the re-

fixation of released CO2 and NH3 consume massive energy, this pathway significantly reduces 

photosynthetic efficiency (Walker et al., 2016b). Therefore, the photorespiratory pathway has 

become a major target for genetic engineering with the goal to increase crop yield (Betti et al., 

2016; South et al., 2018). However, photorespiration is essential to C3 plants and even vital for 

C4 plants such as maize (Zelitch et al., 2009) and Flaveria bidentis (Levey et al., 2019), 

highlighting its importance to plant survival. Photorespiration has tight connections with 

nitrogen, sulfate and one-carbon (C1) metabolisms (Shi & Bloom, 2021), and has also been 

 
 This chapter is partially adapted from Jiang, X., Walker, B. J., He, S. Y., & Hu, J. (2023). The role of 

photorespiration in plant immunity. Frontiers in Plant Science, 14(February), 1–8. 
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shown to play roles in plant response to both abiotic (Voss et al., 2013) and biotic stresses 

(Sørhagen et al., 2013).  

1.2 The role of photorespiration under high light stress  

1.2.1 Plant response to high light conditions 

Light is an essential energy source and a critical environmental cue for plants, but its 

intensity often fluctuates beyond the ranges optimal for plant growth. For example, plants 

frequently experience high light conditions that exceed 2000 μmol m-2 s-1 on sunny days, posing 

significant stress to plants in the field (Ort, 2001; Mishra et al., 2012). To cope with this stress, 

plants have developed responses at various levels, from molecular, cellular, to organismal 

(Szymańska et al., 2017; Shi et al., 2022a).  

When light intensities exceed photosynthetic capacity, the generation of reactive oxygen 

species (ROS) from the photosynthetic apparatus is enhanced (Shi et al., 2022a). In chloroplasts, 

superoxide (O2
•-) and single oxygen (1O2) produced by Photosystems (PSs) I and II can cause 

photodamage to protein complexes and subsequently inactivate the electron transport chain 

(Roach & Krieger-Liszkay, 2014; Krieger-Liszkay & Shimakawa, 2022; Sharma et al., 2023). To 

mitigate photodamage, the antioxidant system in chloroplasts is activated to scavenge ROS. This 

system includes nonenzymatic components such as carotenoids, ascorbate, and glutathione, as 

well as enzymes like catalase and superoxide dismutase (Szymańska et al., 2017; Foyer, 2018; 

Bassi & Dall’osto, 2021). Plants also regulate photosynthetic electron transport to suppress ROS 

generation. Energy-dependent quenching (qE), the main and rapidly reversing component of 

non-photochemical quenching (NPQ), can safely dissipate the excessive energy absorbed by 

light-harvesting complexes as heat (Ruban, 2016; Bassi & Dall’osto, 2021). Additionally, cyclic 

electron flow (CEF) around PSI is activated under high light as a photoprotective strategy, 

increasing proton release into the thylakoid lumen and subsequently prompting ATP synthesis 

and energy dissipation as qE (Shikanai, 2007; Chaux et al., 2015). 

Despite their damaging nature, chloroplastic ROS also function as retrograde signaling 

molecules, transmitting environmental cues to the nucleus to coordinate whole-cell response (Li 

& Kim, 2022; Foyer & Hanke, 2022). Gene expression analyses have shown dynamic and 

temporal transcriptional reprogramming under high light and indicated the involvement of 

hormones, light signaling, metabolites, and developmental processes, in addition to ROS and 

photosynthesis (Rossel et al., 2002; Kleine et al., 2007; Suzuki et al., 2015; Zhao et al., 2016; 
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Crisp et al., 2017; Huang et al., 2019b). Another protective mechanism employed by the plant at 

cellular and organismal levels is the reduction of light absorption through processes such as 

chloroplast and leaf movement (Takahashi & Badger, 2011; Wada, 2013), and anthocyanin 

accumulation (Zheng et al., 2021; Ma et al., 2021).  

Overall, plants employ various strategies at different levels to survive high light 

conditions through complicated responses. A deeper understanding of the underlying 

mechanisms of these responses will ultimately enable us to develop crops that are more resilient 

to high light.  

1.2.2 The role of photorespiration under high light conditions 

As a metabolic process closely related to photosynthesis, photorespiration has been 

shown to support the performance of photosynthesis, especially under stress conditions.  

Under regular growth conditions, many photorespiratory mutants exhibit compromised 

photosynthesis and growth in ambient air (Timm & Bauwe, 2013; Timm et al., 2016). Under 

high CO2 environments where rubisco oxygenation is inhibited, these photorespiratory mutants 

are largely recovered (Timm & Bauwe, 2013; Timm et al., 2016). Although the exact reasons for 

these air-grown phenotypes are not clear, the accumulated photorespiratory intermediates in 

these mutants, such as 2-PG, glyoxylate, and glycerate, can inhibit the activities of 

photosynthesis-related enzymes (Timm et al., 2016). Additionally, several Arabidopsis 

photorespiratory mutants, including hpr1, plgg1, cat2 and gox1, display much more pronounced 

photosynthetic phenotypes under high and dynamic light conditions than low and constant light 

conditions, highlighting the increased importance of photorespiration under high light (Li et al., 

2019a). 

During high light and other abiotic stresses, increased photorespiratory flux rates and 

enzyme activities, and accumulations of photorespiratory metabolites are often observed, 

suggesting that photorespiration plays an important role in maintaining photosynthetic 

performance and helping with plant survival under these conditions (Muraoka et al., 2000; Voss 

et al., 2013; Ma et al., 2014; Huang et al., 2014, 2015; Sunil et al., 2019; Osei-Bonsu et al., 

2021; Shi et al., 2022b). Under stresses, photorespiration is believed to function as an alternative 

electron sink that consumes excessive energy produced by the photosynthetic light reactions, 

preventing over-reduction of the electron transport chain and ROS-induced photodamage 

(Wingler et al., 2000; Ort & Baker, 2002; Voss et al., 2013; Huang et al., 2019a). However, an 



 4 

alternative perspective suggests that photorespiration facilitates the synthesis of new PSII 

proteins during the repair of photodamage rather than preventing photodamage itself (Takahashi 

et al., 2007; Wang et al., 2022), a function not necessarily due to energy consumption in 

photorespiration. A recent work also challenged the idea of photorespiration as an alternative 

sink, as it observed decreased PSII efficiency (ΦII) and increased photoinhibition under high O2 

conditions that cause increased energy demand of photorespiration, contradicting the protective 

role of photorespiration (Smith et al., 2023). Further investigations indicated a new role of 

photorespiration in avoiding substrate limitation in ATP synthesis (Smith et al., 2023). In 

addition, photorespiration can upregulate CEF and the alternative oxidase pathway in 

mitochondria to protect photosynthesis indirectly (Sunil et al., 2019). Finally, since 

photorespiration generates hydrogen peroxide (H2O2), an important signaling molecule, this 

pathway may directly contribute to signal transduction in high light response (Voss et al., 2013).  

In summary, photorespiration has a notable role in supporting photosynthesis under high 

light and other abiotic stresses, but the underlying mechanisms require further investigation.  

1.2.3 The role of the hydroxypyruvate reductase (HPR) family in photorespiration and 

other processes 

As a major enzyme in photorespiration, HPR catalyzes the reduction of hydroxypyruvate 

to glycerate (Fig. 1.1). In Arabidopsis, three members of the HPR family have been shown to 

function in photorespiration (Timm et al., 2008, 2011). The peroxisomal HPR1 plays a major 

role in reducing hydroxypyruvate with NADH as the co-factor, whereas HPR2 and HPR3 in the 

cytosol have low activities and prefer NADPH as the co-factor (Timm et al., 2008, 2011; Xu et 

al., 2018a; Wang et al., 2022). All three enzymes can also reduce glyoxylate using NADH and 

NADPH, and HPR2 and HPR3 are additionally involved in the tyrosine conversion pathway, 

catalyzing the reduction of 4-hydroxyphenylpyruvic acid to 4-hydroxyphenyllactic acid (Timm 

et al., 2008, 2011; Xu et al., 2018a). Based on phylogenetic analysis, HPR1 is present across 

green plants, HPR2 is conserved in land plants, and HPR3 is angiosperm-specific (Xu et al., 

2018a).  

HPR enzymes play an important role in photosynthesis. The knockout mutant of HPR1 

shows compromised photosynthetic performance and growth phenotypes in the air, with additive 

effects observed in the hpr1 hpr2 double mutant and hpr1 hpr2 hpr3 triple mutant (Timm et al., 

2008, 2011). Under high light conditions, hpr1 exhibits stronger phenotypes, including a 
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decrease in PSII efficiency, an increase in NPQ, CEF activation, H2O2 accumulation, and 

diminished levels of chlorophyll and anthocyanin (Li et al., 2019a; Wang et al., 2022). Further 

investigation of hpr1 in high light found that 2-PG accumulation inhibited the activity of triose 

phosphate isomerase, an enzyme of the Calvin-Benson cycle that converts glyceraldehyde 3-

phosphate to dihydroxyacetone phosphate, resulting in a cytosolic bypass and glucose-6-

phosphate (G6P) shunt in the Calvin-Benson cycle (Li et al., 2019b). The G6P shunt consumes 

ATP, which triggers high rates of CEF to balance energy demand (Li et al., 2019b). Consistent 

with the activation of the G6P shunt, increased CO2 release was also observed in hpr1 (Cousins 

et al., 2011; Timm et al., 2021). However, there are other possible explanations for this extra 

CO2 release, as the non-enzymatic decarboxylation of hydroxypyruvate and serine consumption 

through serine decarboxylase also seem to occur in hpr1 (Cousins et al., 2011; Timm et al., 

2021). Additionally, HPR1 was found to play a role in maintaining the repair of PSII under HL 

(Wang et al., 2022). 

HPR enzymes have a broad influence on the level of metabolites in the plant. 

Deficiencies in one or more HPRs increase the levels of most photorespiratory intermediates, 

including glycolate, glycine, serine, hydroxypyruvate and glycerate, and these metabolic 

phenotypes are affected by photoperiods (Timm et al., 2008, 2011, 2021). Consistent with the 

impaired photosynthesis, carbohydrate levels are largely decreased in the hpr1 mutant (Timm et 

al., 2021). Levels for other metabolites related to photorespiration, such as intermediates in the 

tricarboxylic acid cycle and many amino acids, are elevated or reduced in hpr1 (Timm et al., 

2008, 2011, 2021). Interestingly, different from its daytime-dependent accumulation pattern in 

the wild-type plants, serine was found to be constitutively elevated in the hpr1 mutant, inhibiting 

the expression of photorespiratory genes and reducing the level of the corresponding enzymes 

(Timm et al., 2013). Additionally, the accumulated glycolate can replace the bicarbonate ligand 

in PSII in hpr1, shifting the midpoint potential of the quinone acceptor and reducing 1O2 

generation (Messant et al., 2018).  

HPR1 is closely connected in function with peroxisomal malate dehydrogenase (PMDH). 

PMDH is a component of the malate valve, a powerful system that transfers reducing equivalents 

(Selinski & Scheibe, 2019). In photosynthetic tissue, PMDH was believed to provide the NADH 

required by HPR1 to reduce hydroxypyruvate in the peroxisome (Reumann & Weber, 2006). 

However, an Arabidopsis mutant lacking both PMDH genes showed only a weak decrease in 
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photosynthesis despite more CO2 release from photorespiration, indicating that hydroxypyruvate 

reduction is not totally dependent on PMDH (Cousins et al., 2008). Additionally, it was 

suggested that in germinating seeds, PMDH oxidizes the NADH produced by β-oxidation, which 

is opposite to its function in photosynthetic tissue, and HPR1 can partially compensate for this 

role when PMDH is absent (Pracharoenwattana et al., 2010).  

Other than high light, HPR1 also seems to play a positive role in other abiotic stresses. 

The level of NADH-dependent HPR is elevated in barley during drought stress (Wingler et al., 

1999), and the Arabidopsis hpr1 mutant is more susceptible to drought compared to the wild-

type (Li & Hu, 2015). Additionally, defective HPR1 in Arabidopsis leads to decreases in ozone 

tolerance (Saji et al., 2017). 

Taken together, HPRs not only are important enzymes in photorespiration, but also show 

functions in processes related to photosynthesis, primary metabolism, energetics, and stress 

response. Mutants of the HPRs are valuable tools to examine the role of photorespiration in 

various pathways. 

1.2.4 Regulation of photorespiration 

As photorespiration is tightly linked to primary metabolic pathways and crucial to plant 

survival under certain environmental conditions, this pathway is expected to be regulated. 

Although research in this area is still scarce, some regulatory mechanisms of photorespiration are 

emerging (Timm & Hagemann, 2020; Timm, 2020; Aroca et al., 2023).  

Photorespiratory flux is determined by the ratio of CO2 to O2. A low CO2/O2 ratio around 

Rubisco favors photorespiration, while high CO2 or low O2 concentrations inhibit it (Timm & 

Bauwe, 2013; Fu et al., 2023). A shift from high to low CO2 levels alters the level of 

photorespiratory metabolites, mostly inducing their accumulation (Timm et al., 2012; Eisenhut et 

al., 2017). Surprisingly, this reduction in CO2 does not cause obvious changes in the expression 

of photorespiratory genes (Pérez-Delgado et al., 2013; Eisenhut et al., 2017), suggesting that 

photorespiratory enzymes may have high capacities to handle variable fluxes (Timm, 2020).  

Light seems to regulate photorespiration. Most of the photorespiratory genes are up-

regulated by light and during photomorphogenesis, and show diurnal changes in transcript and 

protein levels (Lutziger & Oliver, 2001; Foyer et al., 2009; Kaur et al., 2013; Timm et al., 2013; 

Wang et al., 2022). Light-responsive elements were also found in the upstream regions of 

photorespiratory genes (Aroca et al., 2023). Additionally, light triggers the alternative splicing of 
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HPR in pumpkin, preferentially producing the cytosolic over the peroxisomal localized isoform 

(Mano et al., 1999), possibly to reduce the level of the hydroxypyruvate that escapes from 

peroxisomes. 

Photorespiration can also regulate itself. As mentioned above, high levels of serine 

disrupt the diel fluctuation of photorespiratory gene expression and their protein levels in 

Arabidopsis (Timm et al., 2013). In addition, applying glycine to Arabidopsis enhances the 

accumulation of GDC and SHMT1 transcripts during the day (Timm et al., 2013). Moreover, 

GDC was suggested to be a key enzyme that controls photorespiratory flux, as overexpressing 

the H- or L-subunit of GDC decreased the level of photorespiratory intermediates (Timm & 

Hagemann, 2020).  

Besides the above-mentioned light-responsive elements in the promoters and the 

alternative splicing of HPR, more evidence shows that photorespiration genes are regulated by 

upstream regions and introns. Multiple regulatory elements were found in a nucleosome-depleted 

region within the Arabidopsis CAT2 promoter, regulating its transcript abundance (Laxa, 2017). 

The intron within the 5’UTR of Arabidopsis GGAT1 was shown to boost gene expression by 

recruiting RNA polymerase II (Laxa et al., 2016). Interestingly, the expression of the P-protein of 

GDC in the C4 species Flaveria trinervia is tissue-specific and regulated by both the two tandem 

sub-promoters and alternative splicing (Wiludda et al., 2012). Additionally, bioinformatic 

analysis predicted that upstream regulatory elements and 5’UTR introns are prevalent in 

Arabidopsis photorespiratory genes (Laxa & Fromm, 2018), suggesting that photorespiration is 

under active transcriptional and post-transcriptional regulation.   

Post-translational modifications (PTMs) also occur in photorespiratory proteins. 

Phosphorylation plays an important role in maintaining enzyme activity or cofactor binding in 

GOXs (Jossier et al., 2020), SHMT1 (Liu et al., 2019) and HPR1 (Liu et al., 2020). 

Thioredoxins in mitochondria can modify the redox status of the GDC L-protein, thereby 

regulating glycine decarboxylation (Reinholdt et al., 2019; da Fonseca-Pereira et al., 2020). 

Furthermore, many potential sites for phosphorylation, ubiquitination, acetylation, and redox 

modifications have been identified in photorespiratory enzymes (Hodges, 2022; Aroca et al., 

2023), suggesting the possible involvement of additional PTMs in regulating photorespiration.  

In conclusion, photorespiration is clearly regulated through various mechanisms. Current 

evidence indicates that photorespiration responds to environmental factors such as CO2, O2 and 
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light, receives feedback from its own metabolites and enzymes, and is regulated at 

transcriptional, post-transcriptional and post-translational levels. These findings highlight the 

flexibility and importance of photorespiration, underscoring the need for further research in this 

important area.  

1.3 The role of photorespiration in plant immunity  

1.3.1 Plant immune system 

In nature, plants are constantly exposed to a dynamic external biotic environment, which 

drives the development of the plant immune system. As the first layer of immunity, elicitors from 

pathogenic and nonpathogenic microbes, known as microbe-associated molecular patterns 

(MAMPs), are recognized by plasma membrane-localized receptors known as pattern 

recognition receptors (PRRs) to activate pattern-triggered immunity (PTI) (Yu et al., 2017). 

Flg22, a peptide from the conserved domain of the bacterial flagellin, is one of the MAMPs. PTI 

also comprises plant responses to plant-derived endogenous elicitors generated in response to 

wounding or infection, such as small peptides and nucleotides, which are called damage-

associated molecular patterns (DAMPs) (Yu et al., 2017). During PTI, intracellular signaling, 

transcriptional reprogramming, and other physiological responses culminate to limit pathogen 

growth. These events include increases in cytosolic Ca2+ concentration, reactive oxygen species 

(ROS) burst, and biosynthesis of phytohormones such as salicylic acid (SA) and jasmonate (JA) 

(Yu et al., 2017). To infect successfully, most pathogens can secrete virulent effectors into plant 

cells to suppress plant defense (Deslandes & Rivas, 2012). As the second layer of immunity, 

plants use intracellular nucleotide-binding/leucine-rich-repeat (NLR) receptors to recognize 

effectors, either directly or indirectly, leading to the activation of effector-triggered immunity 

(ETI) (Cui et al., 2015). ETI responses are similar to, but stronger than, those of the PTI, and 

often cause local programmed cell death called the hypersensitive response (HR) (Cui et al., 

2015) (Fig. 1.1). Recent studies reveal that PTI and ETI are not simply two independent and 

distinct pathways but work together to regulate immune responses (Ngou et al., 2021; Pruitt et 

al., 2021; Yuan et al., 2021).  

 
 The majority of this section was published: Jiang, X., Walker, B. J., He, S. Y., & Hu, J. (2023). The role of 

photorespiration in plant immunity. Frontiers in Plant Science, 14(February), 1–8. Only minor modifications were 

made from the original publication. 
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The plant immune system appears to take advantage of photorespiration. For example, 

tightly connected with plant primary metabolism (Shi & Bloom, 2021), photorespiration can 

provide signals, substrates, or energy for immunity in face of pathogen invasion. In addition, the 

coupled response of photorespiration to environmental signals like dynamic light intensities (Fu 

& Walker, 2022) may represent a way for immunity to integrate environmental cues for optimal 

response.  

There have been no unequivocal conclusions so far on how the level of photorespiratory 

enzymes is regulated in response to pathogen infections. Some studies show that 

photorespiratory genes are generally suppressed by pathogen infection (Zabala et al., 2015; 

Giraldo – González et al., 2021; Kalapos et al., 2021; Yue et al., 2021), whereas in other studies 

certain photorespiratory genes show increased expression (Mitsuya et al., 2009; Ahammed et al., 

2018; Silva et al., 2023). At the protein level, both up- and down-regulation of the 

photorespiratory enzymes in presence of pathogens have been observed (Segarra et al., 2007; 

Zhao et al., 2013; Ma et al., 2020; He et al., 2021). These discrepancies are likely due to the 

different plant-pathogen systems used and may indicate the complex nature of the response of 

various photorespiratory genes to stress at the gene expression and protein levels. 

1.3.2 Photorespiratory ROS: important players in immune response 

ROS such as H2O2 are crucial signaling molecules during plant-pathogen interactions 

(Camejo et al., 2016). Photorespiration is a major source of H2O2 in photosynthetic cells (Foyer 

et al., 2009), and photorespiratory organelles such as peroxisomes also contain H2O2-scavenging 

systems such as catalases (see below). Not surprisingly, studies of the roles of photorespiration in 

plant immunity have been mainly focused on H2O2 (Table 1.1).  

GOX (Fig. 1.1) contributes to disease resistance through its H2O2-producing capability. 

GOX-silenced tobacco plants show compromised non-host resistance to bacterial pathogens 

Pseudomonas syringae pv. tomato (Pst) strain T1, P. syringae pv. glycinea and Xanthomonas 

campestris pv. vesicatoria, as well as reduced ETI responses to the effector AvrPto (Rojas et al., 

2012). Consistently, GOX-deficient Arabidopsis mutants show compromised non-host resistance 

to P. syringae pv. syringae strain B728A and P. syringae pv. tabaci, and reduced ETI responses 

to the effectors AvrB and AvrRps4 (Rojas et al., 2012). Null mutants of HAOX (hydroxy-acid 

oxidase), the enzyme that belongs to the same L-2-HAOX family as GOX (Esser et al., 2014), 

exhibit gox-like phenotypes in response to pathogens (Rojas et al., 2012). The Arabidopsis gox 
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and hoax mutants also have decreased H2O2 levels after P. syringae pv. tabaci infection, which is 

independent of the H2O2-producing enzyme, NADPH oxidase (Rojas & Mysore, 2012; Rojas et 

al., 2012). In addition, reducing GOX2 expression in tomato lowers H2O2 levels in the leaf and 

increases plant susceptibility to the compatible pathogen Pst DC3000, a phenotype that can be 

rescued by H2O2 pre-treatment (Ahammed et al., 2018). Similarly, decreases in the level of H2O2 

and increases in Pst DC3000 susceptibility were seen after application of isonicotinic acid 

hydrazide (INH), an inhibitor that blocks the conversion of glycine to serine in photorespiration 

and suppresses GOX activity (Ahammed et al., 2018). These results suggest that the H2O2 

produced by GOX family members is important to immunity. However, silencing GOX1 in rice 

results in enhanced resistance to the compatible pathogen X. oryzae pv. oryzae (Chern et al., 

2013). Additionally, three members from the tobacco GOX family contribute differently to H2O2 

levels and defense (Xu et al., 2018b), yet all five members of the Arabidopsis GOX family work 

additively to increase resistance (Rojas et al., 2012). These inconsistent results regarding the 

function of different GOX members may be due to distinct plant-pathogen systems utilized and 

the functional divergence of family members in different plant lineages.  

The function of the H2O2-scavenging enzyme CAT (Fig. 1.1) in immune response has 

been investigated extensively. Without pathogen infection, CAT-deficient mutants show SA 

accumulation, induced expression of the SA-pathway marker gene PR1 (pathogenesis-related 1), 

cell death, along with H2O2 accumulation in tobacco (Takahashi et al., 1997; Chamnongpol et 

al., 1998; Mittler et al., 1999) and Arabidopsis (Chaouch et al., 2010; Chaouch & Noctor, 2010). 

In addition, SA was found to bind to CAT and inhibit CAT activity to increase the level of H2O2 

in a variety of plant species (Chen et al., 1993; Sánchez-Casas & Klessig, 1994). The inhibition 

of CAT activity by SA analogs correlates with the induction of the PR1 gene and plant resistance 

to tobacco mosaic virus (Conrath et al., 1995). Suppression of CAT2 by SA in Arabidopsis also 

leads to decreases in auxin and JA biosynthesis (Yuan et al., 2017). This is consistent with the 

increased biotroph resistance that is dependent on SA and repressed by auxin, and decreased JA-

dependent necrotroph resistance in the cat2 mutant (Yuan et al., 2017). This data supports the 

role of CAT2 as a mediator between SA and auxin/JA signaling pathways in response to different 

pathogens. CAT2 also seems to connect Ca2+ signaling to the JA pathway, as the calmodulin-

binding protein IQM1 (IQ-Motif Containing Protein 1) positively regulates JA biosynthesis by 

enhancing CAT2 function at both the transcription and enzymatic activity levels (Lv et al., 
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2019). The transcription factor GBF1 (G-box binding factor 1) downregulates CAT2 expression 

during pathogen response, leading to high H2O2 levels (Giri et al., 2017), reinforcing the view 

that photorespiratory H2O2, whose level is modulated by CATs, may act as a hub in coordinating 

defense responses.  

Moreover, pathogens often target CAT to help with infection, which also suggests the 

importance of photorespiratory H2O2 in immunity. Effectors from the bacterial pathogen 

Ralstonia solanacearum (Sun et al., 2017) and the root-knot nematode Meloidogyne incognita 

(Zhao et al., 2021) inhibit CAT activity via physical interaction with the enzyme, and the 2b 

protein from the Cucumber mosaic virus induces CAT3 degradation in Arabidopsis (Murota et 

al., 2017).  However, some pathogens seem to regulate the level of CAT positively. For example, 

the Pepino mosaic virus utilizes Triple Gene Block Protein 1 (TGBp1) to promote the activity of 

CAT1 and reduce H2O2 levels in tomato (Mathioudakis et al., 2013). Interestingly, the oomycete 

pathogen Phytophthora sojae has two effectors that interact with CATs and regulate H2O2 

homeostasis in opposite directions (Zhang et al., 2015).  

Evidence suggesting that CAT and GOX act together to regulate H2O2 homeostasis in 

defense has been reported. Under sub-ambient CO2 conditions, enhanced resistance to the 

biotrophic oomycete Hyaloperonospora arabidopsidis and high intracellular ROS content were 

observed in Arabidopsis (Williams et al., 2018). This resistant phenotype is abolished in the gox1 

or haox1 mutants under the same low CO2 conditions after pathogen inoculation, and the CAT2 

gene is down-regulated by infection (Williams et al., 2018), suggesting that both boosted GOX 

and suppressed CAT contribute to ROS accumulation. More direct evidence comes from rice, 

where SA treatment disrupts the physical interaction between GOX and CAT and induces H2O2 

accumulation (Zhang et al., 2016). These results suggest that H2O2 homeostasis during plant-

pathogen interaction is possibly regulated by the association and disassociation of GOX and 

CAT.  

Besides peroxisomal H2O2, mitochondrial ROS can be influenced by photorespiration 

and are involved in defense as well. The P-protein and H-protein of GDC, the mitochondrial 

multienzyme complex that catalyzes glycine decarboxylation (Fig. 1.1), are repressed in activity 

by the victorin toxin produced by the fungus Cochliobolus victoriae (Navarre and Wolpert, 

1995). Victorin treatment triggers mitochondrial ROS burst and subsequent apoptotic response in 

oat, a similar result to that caused by the GDC inhibitor aminoacetonitrile (AAN) (Yao et al., 
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2002). In addition, silencing GDC-T or GDC-P in tobacco suppresses victorin-triggered cell 

death and ETI response to the effector AvrPto (Gilbert & Wolpert, 2013). Furthermore, the 

bacterial elicitor harpin also inhibits GDC activity in Arabidopsis, resembling the inhibition by 

AAN treatment (Cristina Palmieri et al., 2010). Therefore, it is likely that GDC plays a role in 

reducing the level of ROS during plant-pathogen interaction to avoid damages caused by excess 

ROS. Moreover, the degradation of SHMT1, the enzyme that synthesizes serine in 

mitochondrion (Fig. 1.1), can induce mitochondrial ROS accumulation and other defense 

responses in tobacco and rice plants, conferring broad-spectrum resistance to the rice stripe virus, 

the rice blast fungus Magnaporthe oryzae, and the bacterial leaf blight pathogen X. oryzae pv. 

oryzae (Fu et al., 2022). 

The peroxisomal aminotransferase GGAT, which converts glyoxylate to glycine (Fig. 

1.1), is also connected with H2O2. Compared to wild-type plants, the Arabidopsis ggat1 mutant is 

more resistant to the necrotrophic fungal pathogen Botrytis cinerea and contains lower H2O2 

concentrations upon infection, whereas a higher H2O2 level is observed when the plants are 

uninfected (González‐lópez et al., 2021). How GGAT regulates H2O2 and whether this change in 

H2O2 levels imposes significant impacts on immune responses remains unknown.  

The impact of photorespiration on ROS levels may differ among the three 

photorespiratory organelles during plant-pathogen interactions. In the chloroplast, 

photorespiration may actually prevent ROS production during plant immune response. As the 

major source of chloroplastic ROS, the photosynthetic electron transport chain produces 

excessive reducing equivalents and ATP under stress conditions (Voss et al., 2013). Therefore, 

photorespiration may function as an alternative sink for these reducing equivalents and ATP to 

decrease ROS accumulation in the chloroplast and protect photosystems from photodamage 

(Voss et al., 2013). Meanwhile, it is likely that the high photorespiratory rate under stress 

conditions enhances H2O2 production in the peroxisome, and increases NADH production by 

GDC in mitochondria to increase the level of mitochondrial ROS. Nonetheless, these hypotheses 

remain to be tested under pathogen defense conditions.  

In conclusion, extensive evidence has demonstrated the key roles of ROS in plant 

immune response. The level of H2O2 is impacted by photorespiratory enzymes such as GOXs 

and CATs in peroxisomes and GDC in mitochondria, and potentially other photorespiratory 

proteins as well. 
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1.3.3 Involvement of photorespiratory metabolites in immunity 

Photorespiration involves a variety of metabolites connected to several primary metabolic 

pathways, including photosynthesis, C1 metabolism, amino acid metabolism, and nitrogen and 

sulfate assimilation (Shi & Bloom, 2021). Metabolite analysis of Arabidopsis suspension 

cultured cells in which immunity was activated by Pst DC3000, mutant Pst DC3000 (D28E), or 

flg22, revealed large-scale metabolic changes, including the glyoxylate and dicarboxylate 

metabolism and the amino acid metabolism that partially overlap with the photorespiratory 

pathway (Misra et al., 2016). In cucumber, nitrate-induced resistance to the fungus Fusarium 

oxysporum f. sp. cucumerinum (FOC), along with the accumulation of most of the 

photorespiratory intermediates except serine, was observed (Sun et al., 2021). As discussed 

below, specific photorespiratory metabolites have also been shown to be involved in plant-

pathogen interactions (Table 1.1).  

Catalyzing the bidirectional conversion of serine and THF to glycine and 5,10-

methylene-THF, the photorespiratory enzyme SHMT (Fig. 1.1) is also a crucial enzyme in C1 

metabolism (Hanson & Roje, 2001). GmSHMT08c, which encodes a cytosolic SHMT in 

soybean, was identified to be a resistant gene to the soybean cyst nematode (Heterodera 

glycines, SCN) (Liu et al., 2012; Kandoth et al., 2017). The resistance is resulted from two 

amino acid substitutions in the GmSHMT08c protein that impede THF binding and reduce 

catalytic activity of the enzyme (Liu et al., 2012; Korasick et al., 2020). GmSHMT08c confers 

SCN-resistance in soybean roots (Liu et al., 2012), so it is less likely that photorespiration is 

involved in this resistance. Other members of the GmSHMT family do not seem to function in 

SCN resistance individually (Lakhssassi et al., 2019). However, considering the probable 

functional redundancy of the five mitochondrial GmSHMT members, folate metabolism is a 

possible point at which photorespiration affects plant immunity. Moreover, the Arabidopsis 

shmt1 mutant exhibits compromised defense responses to both biotrophic and necrotrophic 

pathogens (Moreno et al., 2005). Silencing tomato SHMT1 dampens resistance to P. syringae 

independent of H2O2, whereas overexpressing the gene enhances the resistance (Ahammed et al., 

2018). Further, Arabidopsis SHMT4 binds to SA (Manohar et al., 2015), and rice SHMT1 

interacts with the disease-resistance protein RPM1 (Wang et al., 2021), although their roles in 

immunity in these contexts have not been shown. Taken together, SHMT plays a role in defense 

response in several plant species. Except for the potential connection to folate metabolism in 
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soybean, and the mitochondrial ROS triggered by SHMT1 degradation in tobacco and rice, the 

underlying mechanisms of the SHMTs in immunity are still unknown in most species.  

The peroxisomal HPR enzyme that converts hydroxypyruvate to glycerate (Fig. 1.1) 

engages in immunity through photorespiratory metabolites. A soybean HPR interacts with P34, 

the receptor of the P. syringae elicitor syringolide, and applying glycerate and 3-PGA, products 

of the HPR-catalyzed reaction and the downstream step, respectively, restrains syringolide-

triggered HR (Okinaka et al., 2002). Additionally, the cytosolic Arabidopsis HPR2 protein binds 

to SA, but evidence for its role in immunity is lacking (Manohar et al., 2015).  

The role of photorespiration-associated amino acids in plant immunity has been 

illustrated in several studies. In rice, 18 different amino acids, among which glutamate, glycine 

and serine are photorespiratory intermediates (Fig. 1.1), can induce systemic resistance against 

rice blast when individually applied to roots (Kadotani et al., 2016). Soaking tomato fruits in 

glutamate solution reduces colonization of the fungal pathogen Alternaria alternata and activates 

several primary metabolic pathways such as nitrogen metabolism, the γ-aminobutyric acid 

(GABA) shunt, and SA signaling (Yang et al., 2017). Consistently, glutamate can serve as a 

DAMP to induce Ca2+ signaling and thereafter defense responses in plants (Toyota et al., 2018).  

Taken together, current data provide evidence for the influence of photorespiratory 

metabolites on plant defense response. Further and in-depth studies are needed to elucidate the 

underlying mechanisms.  

1.3.4 Influence of photorespiration on the biosynthesis of defense hormones 

SA and JA are the two major phytohormones in plant defense (Pieterse et al., 2012). SA 

is synthesized in plastids and in the cytosol (Lefevere et al., 2020), and the biosynthesis and 

activation of JA involve plastids, peroxisomes and the cytosol (Wasternack & Song, 2017). 

Recently, CAT2-promoted JA biosynthesis in Arabidopsis was shown to be achieved by the 

direct interaction between the N-terminus of CAT2 and the JA biosynthetic enzymes acyl-CoA 

oxidase 2 (ACX2) and ACX3, without the requirement of H2O2 (Zhang et al., 2021). Another 

study demonstrated that the JA-activated defense to the necrotrophic pathogen Erwinia 

amylovora is partially dependent on GOX2 and does not involve obvious changes in the level of 

H2O2 (Launay et al., 2022), indicating that other mechanisms independent of H2O2 may exist in 

this immune response. Given the overlap of the locations for photorespiration and defense 

hormone biosynthesis in several subcellular compartments, it is possible that one or multiple 
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photorespiratory enzymes or metabolites serve as mediators or signals in the biosynthesis of SA 

and JA. Although evidence for the connection between photorespiration and defense hormone 

biosynthesis is still scarce, it is a promising research direction that merits further investigations. 

1.3.5 Other photorespiratory components involved in defense  

A few other photorespiratory enzymes are also involved in immunity, yet the mechanisms 

behind are inconclusive (Table 1.1).  

In a Pseudoperonospora cubensis-resistant melon cultivar, genes encoding two 

aminotransferases - homologs of the Arabidopsis peroxisomal aminotransferase SGAT, which 

converts glyoxylate to glycine and serine to hydroxypyruvate (Fig. 1.1), were found among the 

resistance genes (Taler et al., 2004). Overexpressing either gene confers resistance to the 

pathogen in the susceptible cultivar (Benjamin et al., 2009). That the resistant melon cultivar also 

exhibits high GOX activities indicates that this SGAT-regulated resistance may be attributed to 

high H2O2 levels (Taler et al., 2004). However, the positive role of SGAT in plant resistance to P. 

syringae in tomato was shown to be independent of H2O2 (Ahammed et al., 2018). Additionally, 

Arabidopsis SGAT was identified as an SA-binding protein, with unknown consequences in 

defense (Manohar et al., 2015). Further studies are needed to dissect the precise mechanism of 

the role of SGAT in immunity.  

The chloroplast photorespiratory kinase GLYK, which phosphorylates glycerate to make 

3-PGA (Fig. 1.1), appears to play a positive role in immunity at multiple levels. Full-length 

GLYK in potato is a target for the Irish potato famine pathogen Phytophthora infestans effector 

protein AVRvnt1 through protein binding, resulting in the impediment of GLYK trafficking into 

chloroplasts and enhancement of GLYK degradation, as well as the activation of the ETI 

response mediated by Rpi-vnt1.1, the NLR that recognizes AVRvnt1 (Gao et al., 2020). GLYK 

silencing results in increased plant susceptibility to P. infestans lacking AVRvnt1 via an unknown 

mechanism (Gao et al., 2020). Interestingly, the full-length GLYK protein is mainly produced 

under light (Gao et al., 2020), when photorespiration operates, indicating that the function of 

GLYK in immunity likely depends on photorespiration.  

1.3.6 Measurement of photorespiration rate in defense response 

Measuring physiological parameters of photorespiration in plants after pathogen infection 

provides new perspectives in dissecting the relationship between photorespiration and defense. 

Photorespiration rate, which can be estimated by the difference of net CO2 assimilation rate 
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between 2% and 21% O2, is increased upon Pst DC3000 infection, whereas INH, the inhibitor 

that blocks the conversion of glycine to serine in photorespiration and suppresses GOX activity, 

suppresses this increase (Ahammed et al., 2018). Other indicators of photorespiration rate used 

in the measurements include the photorespiratory CO2 compensation point (Γ*) and the ratio of 

glycine to serine (Gly/Ser). FOC-inoculated banana seedlings contain higher Γ* than untreated 

plants (Dong et al., 2016). In nitrate-induced FOC resistance cucumber plants, both Γ* and 

Gly/Ser are increased (Sun et al., 2021). Further studies are needed to determine whether the 

increased photorespiration rate reported in these studies contributes to defense responses. This 

quantitative approach may also be extended to additional studies aimed at dissecting the 

interplay between photorespiration and immunity.  

1.4 Summary 

Plants employ multiple layers of mechanisms, including photorespiration, to respond to 

high light conditions. Photorespiration has been shown to support photosynthetic performance, 

especially under stress conditions like high light. Research on the photorespiratory enzyme HPR 

further supports the impacts of photorespiration on photosynthesis, primary metabolism, 

energetics, and stress response. Emerging evidence for the regulation of photorespiration 

signifies the flexibility of this pathway and its role in plant response to the dynamic environment. 

Plants also use the immune system to protect themselves against pathogens. Studies demonstrate 

the key role of photorespiration in plant immunity through changes in ROS homeostasis, while 

other mechanisms such as the participation of photorespiratory metabolites, the direct impact of 

photorespiration on defense hormone biosynthesis, and so on, are also emerging. A more precise 

understanding of the contribution of photorespiration to plant physiology and plant interaction 

with the environment is vital for developing crops with both high yield and stress resilience.  
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Figures 

 

Figure 1.1. The known photorespiratory pathway and a working model for the connections 

between photorespiration and plant immunity. ROS, photorespiratory metabolites, defense 

hormones, and possibly other mechanisms connect the photorespiratory pathway to key 

components of the immune network. See main text for detailed information of the 

photorespiratory pathway and plant immune response pathways, as well as mechanisms/potential 

mechanisms for their connections. Overlaps between some subcomponents of the immune 

response network and the photorespiratory organelles indicate the involvement of the particular 

organelles. Abbreviations: 2-OG, 2-oxoglutarate; 2-PG, 2-phosphoglycolate; 3-PGA, 3-

phosphoglycerate; BASS6, bile acid sodium symporter 6; CAT, catalase; GGAT, 

glutamate:glyoxylate aminotransferase; GDC, glycine decarboxylase complex; GLYK, glycerate 

kinase; GOX, glycolate oxidase; HPR, hydroxypyruvate reductase; PGLP, 2-PG phosphatase; 

PLGG1, plastidial glycolate/glycerate transporter 1; Rubisco, RuBP carboxylase/oxygenase; 

RuBP, ribulose-1,5-bisphosphate; SGAT, serine:glyoxylate aminotransferase; SHMT, serine 

hydroxymethyltransferase; THF, tetrahydrofolate; MAMP, microbe-associated molecular pattern; 

DAMP, damage-associated molecular pattern; PRR, pattern recognition receptor; NLR, 

nucleotide-binding/leucine-rich-repeat receptor; PTI, pattern-triggered immunity; ETI, effector-

triggered immunity; ROS, reactive oxygen species; SA, salicylic acid; JA, jasmonate. 
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Tables 

Table 1.1. Photorespiratory enzymes that participate in defense response. 

Enzyme Full name Function in immunity References 

GOX 
Glycolate 

oxidase 
Impacts ROS homeostasis and 

JA biosynthesis 

(Rojas & Mysore, 2012; Rojas 

et al., 2012; Chern et al., 2013; 

Zhang et al., 2016; Ahammed 

et al., 2018; Williams et al., 

2018; Xu et al., 2018b; Launay 

et al., 2022)  

CAT Catalase 

Impacts ROS homeostasis; 

suppressed by SA; promotes 

JA biosynthesis and mediates 

crosstalk between SA and 

JA/auxin, and between Ca2+ 

and JA (AtCAT2) 

(Chen et al., 1993; Sánchez-

Casas & Klessig, 1994; 

Conrath et al., 1995; Takahashi 

et al., 1997; Chamnongpol et 

al., 1998; Mittler et al., 1999; 

Chaouch et al., 2010; Chaouch 

& Noctor, 2010; Mathioudakis 

et al., 2013; Zhang et al., 2015, 

2016, 2021; Giri et al., 2017; 

Murota et al., 2017; Sun et al., 

2017; Yuan et al., 2017; 

Williams et al., 2018; Lv et al., 

2019; Zhao et al., 2021) 

GGAT 

Glutamate: 

glyoxylate 

aminotransferase 
Connects with H2O2 (González‐lópez et al., 2021) 

SGAT 
Serine:glyoxylate 

aminotransferase 

Positive role in resistance in 

melon and tomato; bound by 

SA (AtSGAT) 

(Taler et al., 2004; Benjamin et 

al., 2009; Manohar et al., 

2015; Ahammed et al., 2018) 

GDC 

Glycine 

decarboxylase 

complex 
Impacts ROS homeostasis 

(Navarre & Wolpert, 1995; Yao 

et al., 2002; Cristina Palmieri 

et al., 2010; Gilbert & Wolpert, 

2013) 

SHMT 

Serine 

hydroxymethyl- 

transferase 

Impacts ROS homeostasis; 

contributes to resistance 

possibly through folate 

metabolism; bound by SA 

(AtSHMT4); interacts with the 

disease-resistance protein 

RPM1 (OsSHMT1) 

(Moreno et al., 2005; Liu et 

al., 2012; Manohar et al., 

2015; Kandoth et al., 2017; 

Ahammed et al., 2018; 

Lakhssassi et al., 2019; 

Korasick et al., 2020; Wang et 

al., 2021; Fu et al., 2022) 

HPR 
Hydroxypyruvate 

reductase 

Interacts with syringolide 

receptor (GmHPR); bound by 

SA (AtHPR2) 

(Okinaka et al., 2002; 

Manohar et al., 2015) 

GLYK Glycerate kinase Positive role in resistance in 

potato 
(Gao et al., 2020) 
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CHAPTER 2. A photorespiratory glyoxylate shunt in the cytosol supports photosynthesis 

and plant growth under high light conditions in Arabidopsis 

2.1 Introduction 

Light is an essential energy source and a critical environmental cue for plants, but its 

intensity often fluctuates beyond the ranges optimal for plant growth. For example, plants 

frequently experience high light conditions that exceed 2000 μmol m-2 s-1 on sunny days, posing 

significant stress to plants in the field (Ort, 2001; Mishra et al., 2012). When light intensities 

surpass the photosynthetic capacity, generation of reactive oxygen species (ROS) from the 

photosynthetic apparatus is enhanced, which can cause photodamage to protein complexes and 

subsequently inactivate the electron transport chain (Krieger-Liszkay & Shimakawa, 2022; 

Sharma et al., 2023). To cope with this stress, plants have developed strategies to respond at 

various levels, such as the antioxidant system to scavenge ROS, dissipation of excessive energy 

as non-photochemical quenching (NPQ), cyclic electron flow (CEF) to balance ATP/NADPH 

production, transcriptional reprogramming, chloroplast and leaf movement, and anthocyanin 

accumulation (Szymańska et al., 2017; Shi et al., 2022a).  

Photorespiration, a metabolic process closely related to photosynthesis, is initiated after 

the oxygenation of ribulose 1,5-bisphosphate (RuBP) by the photosynthetic enzyme ribulose 1,5-

bisphosphate carboxylase-oxygenase (rubisco) (Eisenhut et al., 2019). Through a series of 

reactions residing sequentially in the chloroplast, peroxisome, mitochondrion, and the cytosol, 

the oxygenation product 2-phosphoglycolate (2-PG), which inhibits cell functions, is eventually 

converted to 3-phosphoglycerate (3-PGA) to be recycled back to the Calvin-Benson cycle in the 

chloroplast (Eisenhut et al., 2019) (Fig. 2.1). 

Although photorespiration is often considered a sub-optimal process because it consumes 

energy and releases pre-fixed carbon as CO2, a properly functional photorespiratory pathway 

supports photosynthetic performance, especially under stress conditions. In ambient air and 

under regular growth conditions, many photorespiratory mutants exhibit compromised 

photosynthesis and growth, phenotypes that are largely recovered (Timm & Bauwe, 2013; Timm 

et al., 2016) under high CO2 environments where rubisco oxygenation is inhibited (Timm & 

Bauwe, 2013; Timm et al., 2016). Although the exact reasons for these air-grown phenotypes are 

 
 This chapter has been submitted for publication. All the experiments were conducted by myself, except for the 

GLYR1 localization study, which was performed by Dr. Amanda Koenig and Joy Li.  
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unclear, the accumulated photorespiratory intermediates in these mutants, such as 2-PG, 

glyoxylate, and glycerate, can inhibit the activities of photosynthesis-related enzymes (Timm et 

al., 2016). Additionally, several Arabidopsis photorespiratory mutants, including 

hydroxypyruvate reductase 1 (hpr1), plastidial glycolate/glycerate transporter 1 (plgg1), 

catalase 2 (cat2) and glycolate oxidase 1 (gox1), have much more severe photosynthetic 

phenotypes under high and dynamic light compared with low and constant light conditions, 

supporting the increased importance of a properly functional photorespiratory pathway under 

high light (Li et al., 2019a). Under stress, photorespiration is believed to function as an 

alternative electron sink that consumes excessive energy produced by the photosynthetic light 

reactions (Wingler et al., 2000; Ort & Baker, 2002; Voss et al., 2013; Huang et al., 2019a), 

although a recent work challenged the idea that photorespiration’s role as an alternative electron 

sink is photoprotective (Smith et al., 2023).  

As a core enzyme in photorespiration, HPR catalyzes the reduction of hydroxypyruvate 

to produce glycerate (Fig. 2.1). In Arabidopsis, three HPR family members have been shown to 

function in photorespiration (Timm et al., 2008, 2011). Peroxisomal HPR1 plays a major role in 

reducing hydroxypyruvate with NADH as the co-factor, whereas HPR2 and HPR3 in the cytosol 

have low activities and higher affinities for NADPH (Timm et al., 2008, 2011; Xu et al., 2018a; 

Wang et al., 2022). HPR enzymes play an important role in photosynthesis, because the 

knockout mutant of HPR1 shows compromised photosynthetic performance and growth in the 

air, with additive effects observed in hpr1 hpr2 double mutant and hpr1 hpr2 hpr3 triple mutant 

(Timm et al., 2008, 2011). Under high light, hpr1 exhibits stronger phenotypes, including 

decreases in the efficiency of photosystem II (PSII), increases in NPQ, activation of CEF, 

accumulation of H2O2, and a marked reduction in chlorophyll and anthocyanin (Li et al., 2019a; 

Wang et al., 2022). Further investigation of hpr1 under high light found that 2-PG accumulation 

inhibited the activity of triose phosphate isomerase, an enzyme of the Calvin-Benson cycle that 

converts glyceraldehyde 3-phosphate to dihydroxyacetone phosphate. This inhibition results in a 

cytosolic bypass and glucose-6-phosphate (G6P) shunt in the Calvin-Benson cycle where the 

G6P shunt consumes ATP, triggering high rates of CEF to balance energy demand (Li et al., 

2019b). Consistent with the activation of the G6P shunt, increased CO2 release was also 

observed in hpr1 (Cousins et al., 2011; Timm et al., 2021). However, there are other possible 

explanations for this extra CO2 release, as the non-enzymatic decarboxylation of 
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hydroxypyruvate and serine consumption through serine decarboxylase also seem to occur in 

hpr1 (Cousins et al., 2011; Timm et al., 2021). Finally, HPR1 was found to maintain the repair of 

PSII under high light (Wang et al., 2022). 

HPR enzymes have a broad influence on the level of metabolites in the plant. Deficiency 

in one or more HPRs increases the level of most photorespiratory intermediates, including 

glycolate, glycine, serine, hydroxypyruvate and glycerate, and these metabolic phenotypes are 

affected by photoperiods (Timm et al., 2008, 2011, 2021). Consistent with the impaired 

photosynthesis, carbohydrate levels are largely decreased in the hpr1 mutant (Timm et al., 2021). 

Levels for other metabolites related to photorespiration, such as intermediates in the tricarboxylic 

acid cycle and many amino acids, are elevated or reduced in hpr1 (Timm et al., 2008, 2011, 

2021). Interestingly, different from its daytime-dependent accumulation pattern in the wild-type 

plants, serine was found to be constitutively elevated in the hpr1 mutant, inhibiting the 

expression of photorespiratory genes and reducing the level of the corresponding enzymes 

(Timm et al., 2013). Additionally, the accumulated glycolate can replace the bicarbonate ligand 

in PSII in hpr1, shifting the midpoint potential of the quinone acceptor and reducing the 

generation of single oxygen (Messant et al., 2018).  

While the main flux of photorespiration is well known, there are examples of alternative 

fluxes, such as the aforementioned cytosolic HPR2 and HPR3 enzymes that are partially 

redundant in function with HPR1. Understanding other routes of carbon flux associated with 

photorespiration is important to fully deciphering this metabolic network. In addition, 

photorespiration is tightly linked to primary metabolic pathways and crucial to plant survival 

under certain environmental conditions, thus this pathway is expected to be regulated. Although 

research in this area is still scarce, current evidence indicates that photorespiration responds to 

environmental factors such as CO2, O2 and light, receives feedback from its own metabolites and 

enzymes, and is regulated at transcriptional, post-transcriptional and post-translational levels 

(Timm & Hagemann, 2020; Timm, 2020; Aroca et al., 2023). Taken together, mechanistic 

research into the flexibility and regulation of photorespiration will be highly valuable to 

completely elucidating the role of this pathway in plant physiology and plant interaction with the 

environment. 

In this work, we investigated the regulation and flexibility of photorespiration by 

characterizing a genetic suppressor of the Arabidopsis hpr1 mutant under high light, mapping the 
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underlying gene, and conducting follow-up genetic and metabolic flux analyses. We found that 

defective glyoxylate reductase 1 (GLYR1), a cytosolic enzyme that catalyzes the conversion of 

glyoxylate to glycolate, can rescue the mutant phenotypes of hpr1 in plant growth, 

photosynthesis and levels of photorespiratory metabolites under high light conditions. Further 

examination showed that loss of function of GLYR1 can also partially suppress the phenotype of 

cat2, but not plgg1. Combining transitional metabolic profiling, glyoxylate feeding, and genetic 

analyses, we provided evidence for a cytosolic photorespiratory shunt that converts accumulated 

glyoxylate to hydroxypyruvate, which can act, at least partially, through the cytosolic HPR2 

enzyme to enhance carbon recycling. This cytosolic shunt seems to be especially critical under 

high light intensities when a high rate of photorespiratory flux is required to deal with increased 

rates of total rubisco oxygenation reaction and in the absence of a functional major 

photorespiratory pathway. Our findings suggest that the metabolic flexibility of photorespiration 

can help plants adjust to stress conditions, thus may provide help with future efforts in improving 

plant performance under high light conditions. 

2.2 Results 

2.2.1 Loss of function of glyoxylate reductase 1 (GLYR1) partially rescues the growth and 

metabolic phenotypes of the hpr1 mutant 

To identify proteins with a regulatory or modulatory role in photorespiration, we 

performed EMS mutagenesis on Arabidopsis hpr1-1 mutant seeds and screened for genetic 

suppressors based on their growth and photosynthetic phenotypes under high light conditions 

(~700 μmol m-2 s-1). One suppressor, shpr7 (hpr1 suppressor number 7), was found to partially 

suppress the small rosette size of hpr1-1 under high light relative to normal light conditions (100 

μmol m-2 s-1) (Fig. 2.2a and b).  

To characterize and map the causal mutation in shpr7, we backcrossed shpr7 to hpr1-1. 

The segregation ratio of hpr1-like vs. suppressor-like plants in the BC1F2 generation was 3:1, 

suggesting that the suppression is caused by a recessive mutation. To map the gene responsible 

for the suppression, genomic DNA extracted from 80 suppressor-like individuals in the BC3F2 

generation was pooled for whole genome sequencing. We identified a point mutation in the exon 

of the Glyoxylate Reductase 1 (GLYR1) gene, which encodes an NADPH-dependent 

glyoxylate/succinic semialdehyde reductase (Hoover et al., 2007; Zarei et al., 2017), causing a 

glutamate (E)-to-lysine (K) substitution at amino acid 117 (Fig. 2.2c). RT-PCR analysis detected 
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similar levels of the GLYR1 transcripts in shpr7 and the wild-type (Fig. A1a), suggesting that 

this mutation does not lead to obvious changes in gene expression. To determine the effect of the 

E117K mutation at the protein level, peptide antibodies against amino acid 229-243 were 

generated, which detected an apparently decreased level of the GLYR1 protein (30.7kDa) in high 

light-grown shpr7 (Fig. 2.2d), indicating that this point mutation may cause the protein to be less 

stable. The antigen peptide is from a highly identical region between AtGLYR1 and its homolog, 

AtGLYR2, where the two proteins differ only by one amino acid (Simpson et al., 2008). We 

therefore reasoned that the weak signal in glyr1-1 in the immunoblot might be derived from the 

mature form of GLYR2, after its N-terminal transit peptide for chloroplast and mitochondrial 

dual targeting is removed upon import into the organelles (Fig. 2.2d).  

To confirm that loss-of-function mutations in GLYR1 can lead to the suppression of hpr1-

1 like that shown in shpr7, we obtained three independent T-DNA insertion mutant lines of 

GLYR1 (Fig. 2.2c). All three lines lacked detectable full-length GLYR1 transcript (Fig. A1b) and 

showed comparable growth and morphologies to the wild-type (Col-0) plants (Fig. A1c). Double 

mutants generated by crossing these lines individually with hpr1-1 all exhibited very similar 

phenotypes as shpr7 (Fig. 2.2a and b, Fig. A1c), confirming that loss of function of GLYR1 can 

partially rescue the hpr1-1 mutant phenotypes. Overexpressing the GLYR1 gene (35S::GLYR1) 

in shpr7 reverted its rosette size back to hpr1-like under high light (Fig. 2.2e, Fig. A1d), further 

confirming GLYR1 as the causal gene for the suppression of hpr1. Since the three T-DNA 

mutants were indistinguishable from each other in their capability to suppress hpr1-1, we 

selected the glyr1-1 allele for follow-up experiments. 

GLYR1 was shown to catalyze the conversion of glyoxylate to glycolate, and succinic 

semialdehyde to γ-hydroxybutyrate (Zarei et al., 2017). Because glyoxylate and glycolate are 

photorespiratory intermediates, we tested if the deficiency in GLYR1 also causes metabolic 

changes in the photorespiratory pathway (Fig. 2.3). Mutant hpr1-1 grown under high light 

conditions had elevated levels of all the 6 photorespiratory metabolites tested, consistent with 

previous reports that knockout mutant of HPR1 accumulates photorespiratory intermediates 

under normal growth conditions (Timm et al., 2008, 2021). The suppressor shpr7 and the double 

mutant glyr1-1 hpr1-1 showed partial rescue of the accumulation of at least 5 of these 

metabolites, including glycolate, glyoxylate, serine, hydroxypyruvate, and glycerate, and 
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consistent with its wild-type-like plant appearance, the glyr1-1 single mutant contained similar 

levels of these metabolites as Col-0 (Fig. 2.3). 

Taken together, our results proved that reduced or loss of function of the GLYR1 protein 

in Arabidopsis can partially suppress the mutant phenotypes of hpr1 in both plant growth and the 

content of photorespiratory metabolites. 

2.2.2 Defects in GLYR1 also partially rescue the phenotypes of the photorespiratory mutant 

cat2, but not those of plgg1 

To investigate if the suppression of hpr1 by glyr1 is specifically linked to HPR1 or 

broadly connected to components of the photorespiratory pathway, we crossed glyr1-1 into two 

other photorespiratory mutants, cat2-1 and plgg1-1 (Fig. 2.1). Similar to hpr1-1, cat2-1 and 

plgg1-1 are also compromised in growth and photosynthesis under high light (Li et al., 2019a). 

Interestingly, under high light, the double mutant glyr1-1 cat2-1 exhibited a bigger rosette size 

than cat2-1, whereas the lack of a functional GLYR1 was unable to improve the growth of plgg1-

1 (Fig. 2.4a). 

To determine if glyr1 can also rescue the reduced photosynthetic efficiency in cat2-1 and 

plgg1-1, as well as hpr1-1, we measured quantum efficiency of photosystem II (ΦII), a critical 

parameter of photosynthesis, in mutant and Col-0 seedlings. A 3-day light regime, with normal 

light on the first day and light gradients on days 2 and 3, was applied (Fig. 2.4b). Consistent with 

their growth phenotypes, hpr1-1, cat2-1 and plgg1-1 had lower ΦII values, especially under 

higher light intensities, whereas glyr1-1 resembled Col-0 (Fig. 2.4b). As expected, GLYR1 

deficiency helped to improve the photosynthetic performance of hpr1-1 and cat2-1, but not 

plgg1-1 (Fig. 2.4b). 

2.2.3 GLYR1 localizes to the cytosol 

Since the subcellular location of GLYR1 underlies the potential mechanism by which 

defective GLYR1 suppresses hpr1 and cat2 phenotypes, we sought to definitively determine its 

subcellular localization. While several studies purport GLYR1 localization in the cytosol, these 

findings did not sufficiently account for the putative peroxisomal targeting signal type 1 (PTS1) 

tripeptide (SRE>) at GLYR1’s extreme C-terminus, which implies its potential localization in 

peroxisome matrix. Apple (Malus domestica) GLYR1 localizes to the cytosol, but MdGLYR1 

lacks the C-terminal putative PTS1 and therefore cannot be used to precisely infer the 

localization of AtGLYR1 (Brikis et al., 2017). An AtGLYR1-GFP fusion protein transiently 



 25 

expressed in tobacco localized to the cytosol (Simpson et al., 2008), but again peroxisomal 

targeting cannot be discounted as the C-terminal PTS1 was blocked in this construct. Indirect 

evidence of cytosolic localization was shown in pea where the majority of glyoxylate-reducing 

activity was found in the cytosolic fraction, yet a small amount was detected in the chloroplast 

(Givan et al., 1988). Moreover, a study using an N-terminal fluorescent tag showed the cytosolic 

localization of AtGLYR1 in tobacco BY-2 and Arabidopsis cells (Ching et al., 2012), dispelling 

its peroxisomal localization. However, the fluorescence signals also appeared in chloroplast-like 

structures in Arabidopsis mesophyll cells. Because these data did not include chlorophyll 

fluorescence as a marker, we cannot definitively rule out chloroplast localization of GLYR1. 

Therefore, it was important to obtain evidence in which AtGLYR1’s cytosolic localization is 

unequivocally shown.  

To this end, we generated a 35S::eYFP-GLYR1 construct and co-expressed it with the 

peroxisome marker mScarlet-SRL (Koenig et al., 2023) in tobacco leaves. GLYR1 appeared 

diffused throughout the cytosol, and no GLYR1 signal was observed overlapping peroxisomal or 

chloroplast (visualized by chlorophyll autofluorescence) signals (Fig. 2.4c), confirming that 

GLYR1 is solely localized to the cytosol. 

2.2.4 Transitional metabolic profiling uncovers a close link between hydroxypyruvate and 

GLYR1 

Based on GLYR1’s mutant phenotypes, its protein localization, and the previously 

reported enzyme activity, we hypothesized a photorespiratory glyoxylate shunt in the cytosol. 

This shunt drives the conversion of glyoxylate to hydroxypyruvate and triggers carbon flux back 

to the Calvin-Bensen cycle, when the primary photorespiratory pathway is deficient and when 

plants are exposed to high light conditions. Serine was found to accumulate in the hpr1-1 and 

cat2-1 mutants (Timm et al., 2008; Bao et al., 2021), likely increasing the level of free serine in 

the cytosol. Likewise, we posited that impaired photorespiration in hpr1-1 and cat2-1 also causes 

increased glyoxylate leakage to the cytosol. The lack of a functional GLYR1 protein leads to an 

increase in the cytosolic level of glyoxylate, but in plants containing a functional primary 

photorespiratory pathway, this increase may not reach a level high enough to drive an 

aminotransferase activity with serine. Only in photorespiratory mutants such as hpr1 and cat2, 

which already accumulate cytosolic glyoxylate, can GLYR1 deficiency further increase the level 

of glyoxylate to a threshold to react with serine, producing hydroxypyruvate and glycine. The 
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hydroxypyruvate generated from this reaction can then be directly catalyzed by a cytosolic HPR 

(such as HPR2) to produce glycerate, which returns to the Calvin-Benson cycle in the chloroplast 

following phosphorylation by glycerate kinase (Fig. 2.1). Under this hypothesis, the lack of 

GLYR1 function can activate a cytosolic pathway in hpr1-1 and cat2-1 to recycle 

photorespiratory carbon more efficiently back to photosynthesis, decreasing the inhibitory effects 

of photorespiratory intermediates and subsequently improving the performance of these two 

mutants to compensate for the lack of HPR1 or CAT2. By contrast, loss of PLGG1 blocks the 

transport of glycerate into chloroplasts, preventing carbon recycling by HPR2 and therefore 

failing to rescue plgg1-1.  

To test this hypothesis, we first determined how quickly photorespiratory metabolites 

respond to high light. The partial rescue of photorespiratory metabolites observed earlier in this 

study (Fig. 2.3) was shown in plants after two weeks of growth under high light. Here we instead 

employed short-term treatment of photorespiratory conditions to avoid secondary effects from 

early metabolic events. Plants were grown under high CO2 (2,000 ppm) and normal light 

conditions for 3 weeks before transfer to ambient CO2 and high light conditions. Plant tissue was 

sampled for metabolite measurements after ~10 h illumination, as photorespiratory intermediates 

were reported to accumulate to high levels at the end of the day (Pick et al., 2013; Timm et al., 

2013).  

When growing under high CO2, hpr1-1 only had increased serine and slightly decreased 

glycerate concentrations (Fig. A2), consistent with previously reported measurements of the 

photorespiratory intermediates under 1% (10,000 ppm) CO2 (Timm et al., 2008). The cat2-1 

mutant performed similarly to Col-0 and importantly, glyr1-1 did not alter the levels of the 

photorespiratory metabolites in hpr1-1 or cat2-1 (Fig. A2), indicating that the influence of glyr1-

1 is well suppressed under high CO2. After 10 h of ambient CO2 and high light conditions, the 

levels of 5 out of the 6 photorespiratory intermediates, including glycolate, glyoxylate, serine, 

hydroxypyruvate and glycerate, were significantly higher in hpr1-1 compared to Col-0 (Fig. 2.5). 

In cat2-1, glycolate, serine and glycerate were increased, and hydroxypyruvate also had a small 

but obvious accumulation (Fig. 2.5, Fig. A3). Intriguingly, the metabolites best rescued by glyr1-

1 in both hpr1-1 and cat2-1 were glycolate and hydroxypyruvate (Fig. 2.5). Considering the 

enzymatic activity of GLYR1 in converting glyoxylate to glycolate, it is expected that glyr1-1 

hpr1-1 and glyr1-1 cat2-1 have lower levels of glycolate. However, the dramatic rescue of 
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hydroxypyruvate in hpr1-1 and cat2-1 by glyr1-1 after only a 10-h treatment suggested that 

hydroxypyruvate is closely related to the function of GLYR1, which supports the cytosolic shunt 

we proposed. As the growth and photosynthetic phenotypes of cat2-1 were weaker than hpr1-1, 

hydroxypyruvate accumulation in cat2-1 was relatively lower and rescued better than hpr1-1, 

with glyr1 cat2 hydroxypyruvate content returning to wildtype levels at 22% that observed in 

cat2 (Fig. 2.5, Fig. A3). Glycerate abundance in the mutants showed a similar trend as that of 

hydroxypyruvate, although the difference between glyr1-1 hpr1-1 and hpr1-1 was smaller, which 

is probably because the response of glycerate requires hydroxypyruvate as the primary responder 

and is therefore indirect.  

In summary, transitional metabolic profile suggests a close connection between 

hydroxypyruvate and GLYR1 under high light conditions. It supports the role of the proposed 

cytosolic photorespiratory pathway, in which the accumulated glyoxylate caused by defective 

GLYR1 in the hpr1 and cat2 background is converted to hydroxypyruvate.  

2.2.5 Feeding glyoxylate to the plant strongly inhibits growth of wild-type but can benefit 

hpr1 

Based on our hypothesis, the availability of glyoxylate in the cytosol plays an important 

role in activating the non-canonical pathway in hpr1-1. To obtain further support for this role, we 

increased the level of free glyoxylate in the cytosol by directly supplying glyoxylate to the 

growth medium for hpr1-1.  

Although the mechanism is still unclear, glyoxylate was reported to inhibit RuBP 

regeneration and rubisco activation (Mulligan et al., 1983; Cook et al., 1985; Chastain & Ogren, 

1989; Campbell & Ogren, 1990; Lu et al., 2014) and therefore is toxic to plants. In agreement 

with this, Col-0 plants grown in 0.4 mM glyoxylate exhibited strong growth inhibition and 

decreased fresh weight under normal or high light conditions (Fig. 2.6). However, hpr1-1 

maintained similar fresh weight after glyoxylate feeding (Fig. 2.6b), despite some suppression in 

root elongation (Fig. 2.6a), indicating that glyoxylate can be metabolized more quickly in hpr1-

1, possibly through the cytosolic pathway we proposed. The glyr1-1 hpr1-1 double mutant 

showed a small growth inhibition upon glyoxylate treatment (Fig. 2.6), possibly because the total 

glyoxylate amount from both internal and external sources exceeds the capacity of this cytosolic 

pathway. By contrast, 0.1 mM serine had no influence on plant growth in all the lines under 

normal or high light conditions (Fig. A4), indicating that the cytosolic serine in hpr1-1 is 
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adequate for the cytosolic shunt we proposed. In summary, results from the glyoxylate feeding 

experiment showed that increasing glyoxylate availability in the cytosol can benefit hpr1-1, thus 

supporting our hypothesis. 

2.2.6 The rescuing effect of glyr1 in hpr1 largely depends on HPR2 

Our proposed photorespiratory glyoxylate shunt requires the activity of cytosolic HPR, so 

we investigated the role of HPR2 because it has a stronger role in photorespiration than HPR3 

(Timm et al., 2011). Null mutant hpr2-3 (Fig. A5) was used to generate a triple knockout line 

glyr1-1 hpr1-1 hpr2-3. Because mutants defective in both HPR1 and HPR2 genes are already 

stunted, grow poorly in ambient air, and are intolerant to high light treatment, we first grew all 

the lines under high CO2 and normal light conditions, during which all mutants showed 

comparable morphologies as Col-0 (Fig. 2.7a, Day 0). After three weeks and at the end of the 

dark period, plants were moved to ambient CO2 and high light conditions, where they were kept 

for 9 days. This treatment led to much smaller rosettes in hpr1-1 compared to Col-0, which was 

partially rescued in glyr1-1 hpr1-1 and the original suppressor shpr7 (Fig. 2.7a). At Day 9, 

although hpr1-1 hpr2-3 and glyr1-1 hpr1-1 hpr2-3 performed poorly compared with other lines, 

they looked similar to each other, supporting our conclusion that, at least at this time point, 

glyr1-1’s role in helping carbon recycle back to the chloroplast largely depends on a functional 

HPR2. At Day 18, glyr1-1 hpr1-1 hpr2-3 became slightly bigger than hpr1-1 hpr2-3 (Fig. 2.7a), 

indicating that glyr1-1 may also act through other proteins (such as HPR3) for its role under 

longer photorespiratory conditions.  

Transitional metabolic profiling was also performed on mutants grown under high CO2 

and normal light for 3 weeks followed by 10-h treatment with ambient CO2 and high light. 

Similar to the rescued glycolate level in glyr1-1 hpr1-1, glyr1-1 hpr1-1 hpr2-3 also showed a 

lower glycolate level than hpr1-1 hpr2-3 (Fig. 2.7b), confirming that the glycolate production 

via GLYR1 is greatly lost. By contrast, the level of hydroxypyruvate was only slightly rescued in 

glyr1-1 hpr1-1 hpr2-3 (Fig. 2.7b), supporting the importance of HPR2 in this cytosolic shunt.  

The cytosolic shunt we proposed indicates an increased flux through HPR2 in glyr1-1 

hpr1-1 and shpr7 compared to hpr1-1, which may require a higher activity of the HPR2 enzyme. 

To test this possibility, the maximal enzymatic activities of HPR in plants were measured, which 

showed that glyr1-1 hpr1-1 and shpr7 had comparable enzymatic activities of HPR to hpr1-1 in 

the transitional (Fig. A6a) or stable stage (Fig. A6b) of high light treatment, using NADH or 
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NADPH as the co-factor. However, this assay measures the total maximal enzymatic activities of 

HPR in protein extract from plants, which is more correlated to the level of the HPR enzymes. 

Since the enzymes in the plant cell usually do not operate at their maximal capacities, the 

possible regulation of enzymatic levels to increase fluxes cannot be captured by this assay.  

2.3 Discussions 

In this study, we provided evidence for a cytosolic glyoxylate shunt of photorespiration 

that can improve carbon recycling in the absence of enzymes in the major photorespiratory 

pathway under high light, supporting the metabolic flexibility of the photorespiration network. 

Under high light, deficiency in GLYR1, a cytosolic enzyme that converts glyoxylate to glycolate, 

can partially rescue the phenotypes of the photorespiration mutants hpr1 and cat2 but not those 

of the glycolate/glycerate transporter mutant plgg1. Further investigations showed that 

hydroxypyruvate is closely connected to GLYR1’s function, and the availability of glyoxylate 

and HPR2 in the cytosol are important for the suppression of hpr1. These results led us to 

propose a novel cytosolic photorespiratory shunt, which seems to be critical when the major 

photorespiratory pathway is compromised and when plants are exposed to photorespiratory 

conditions such as high light. Specifically, a reaction between glyoxylate and serine is catalyzed 

by an aminotransferase to produce hydroxypyruvate and glycine (Fig. 2.1). Via HPR2, cytosolic 

hydroxypyruvate is subsequently converted to glycerate that eventually returns to the Calvin-

Benson cycle, thus reducing the accumulation of the toxic photorespiratory intermediates and 

enhancing carbon recycling (Fig. 2.1). We predict that, in wild-type plants, this shunt may only 

be activated under extremely high photorespiratory fluxes. 

Plants contain two GLYR proteins, the cytosolic GLYR1 and the plastid/mitochondrion-

dual localized GLYR2, both of which are believed to be involved in aldehyde detoxification 

during abiotic stress (Allan et al., 2008; Mekonnen & Ludewig, 2016; Zarei et al., 2017). 

Although GLYR1 was shown to be more efficient in its glyoxylate reductase activity, it can also 

convert succinic semialdehyde to γ-hydroxybutyrate in γ-aminobutyrate (GABA) metabolism 

(Hoover et al., 2007; Zarei et al., 2017). During abiotic stress, the expression of both GLYR1 and 

GLYR2 is upregulated, presumably to detoxify the accumulated succinic semialdehyde in plants 

(Allan et al., 2008; Mekonnen & Ludewig, 2016; Zarei et al., 2017). However, the positive role 

of succinic semialdehyde reduction during abiotic stress contradicts the rescuing effect of glyr1 

in hpr1 under high light, and GABA metabolism is not known to be directly linked to 
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photorespiration. Therefore, the succinic semialdehyde reductase activity of GLYR1 does not 

seem to be involved in its role related to HPR1 and CAT2.  

Since the knockout mutants of GLYR1 are comparable to Col-0 in plant growth and 

levels of the photorespiratory metabolites, this cytosolic photorespiratory shunt may not be 

important when the main photorespiratory pathway in the peroxisome is functional, possibly due 

to the predominant peroxisomal location of glyoxylate. Glyoxylate is highly reactive and can 

inhibit photosynthesis and other metabolic reactions, thus is toxic to the plant (Mulligan et al., 

1983; Cook et al., 1985; Chastain & Ogren, 1989; Campbell & Ogren, 1990; Lu et al., 2014). 

There are two major glyoxylate metabolic pathways in the peroxisome to maintain its 

homeostasis: the main photorespiratory pathway in photosynthetic tissue and the glyoxylate 

cycle in seeds in which glyoxylate is produced and catabolized (Dellero et al., 2016; Pan et al., 

2020). Further, the cytosolic GLYR1 and the plastidic/mitochondrial GLYR2 were believed to 

scavenge the glyoxylate leaked from the peroxisome (Simpson et al., 2008; Dellero et al., 2016). 

Since cytosolic glyoxylate may become toxic to plants, it is possible that the cytosolic shunt is 

activated only when the main peroxisomal pathway is defective and under conditions that need 

very high photorespiratory flux. 

We provided evidence that HPR2 is pivotal in converting cytosolic hydroxypyruvate to 

glycerate in the photorespiratory glyoxylate shunt, as the glyr1 hpr1 hpr2 triple mutant maintains 

86% of the hydroxypyruvate content observed in hpr1 hpr2 (Fig. 2.7b). However, the minor 

decrease in hydroxypyruvate content, as well as the slightly bigger glyr1 hpr1 hpr2 rosette size 

compared to hpr1 hpr2 after 18 days of high light treatment (Fig. 2.7a) suggest the existence of 

other mechanisms in hydroxypyruvate reduction independent of HPR2. Although the role of 

HPR3 in reducing hydroxypyruvate is minor, knocking out HPR3 can further exacerbate the 

photorespiratory phenotypes of the hpr1 hpr2 double mutant (Timm et al., 2011). Therefore, 

HPR3 may be involved in maintaining this photorespiratory shunt in the cytosol when both 

HPR1 and HPR2 are absent.  

We hypothesize that there is a cytosolic aminotransferase with similar activity as the 

peroxisomal serine:glyoxylate aminotransferase (SGAT). Although SGAT activity was only 

detected in the peroxisome in previous studies (Liepman & Olsen, 2001, 2004), cytosolic activity 

may not be detectable unless the cytosolic route is activated. SGAT does not have any apparent 

homologs in the Arabidopsis genome (Liepman & Olsen, 2004), but substrate promiscuity is 
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common for aminotransferases (Koper et al., 2022). SGAT is also known as AGT1 because of its 

alanine:glyoxylate transferase activity; additionally, it can catalyze other amino donor:acceptor 

combinations such as serine:pyruvate and asparagine:glyoxylate (Liepman & Olsen, 2001; Koper 

et al., 2022). Human (Homo sapiens) AGT2, which localizes to mitochondria and has broad 

substrate specificity (Koper et al., 2022), has three homologs in Arabidopsis: AtAGT2, AtAGT3, 

and AtPYD4 (pyrimidine 4) (Liepman & Olsen, 2003; Koper et al., 2022). AtAGT2 was reported 

to localize to mitochondria and peroxisomes (Carrie et al., 2009). The enzyme activity and 

localization of AtAGT3 and AtPYD4 are unclear, thus may be candidates for the hypothetical 

cytosolic aminotransferase with SGAT activity. 

Some of the metabolic profiles of glycine and serine in this work have complicated 

patterns, possibly due to their participation in other metabolic pathways. Under ambient (21%) 

O2 conditions, 32% of the photorespiratory carbon is thought to leave this pathway as serine 

(Busch et al., 2018; Fu et al., 2023), indicating that photorespiratory serine may be strongly 

connected with other metabolisms. Serine has been shown to play a role in the biosynthesis of 

other amino acids, proteins, and lipids (Ros et al., 2014). While glycine is converted to serine in 

the mitochondrion during photorespiration, serine can also be converted to glycine in the cytosol 

and plastid (Rosa-Téllez et al., 2023). This serine-glycine interconversion is an important 

component in one-carbon metabolism, which is crucial for synthesizing nucleotides and 

methylated compounds and maintaining nutrient balance (Hanson & Roje, 2001; Rosa-Téllez et 

al., 2023). Furthermore, it has been reported that excess glycine from photorespiration is used for 

protein synthesis (Cegelski & Schaefer, 2005) and glutathione accumulation (Noctor et al., 

1999). Finally, glycine and serine were found in the vacuole (Riens et al., 1991; Fürtauer et al., 

2019), which may represent an inactive pool or have a slow response to environmental changes. 

In addition to alternative routes and photorespiratory shunts, post-translational 

modification of photorespiratory proteins seems to play an important regulatory role in 

photorespiration. For example, Arabidopsis phosphorylation‐mimetic mutant of serine 

hydroxymethyltransferase 1 (SHMT1) exhibited compromised performance under salt or drought 

stress (Liu et al., 2019), indicating that phosphorylation of photorespiratory components is 

important in stress response. Although the specific function of these modifications needs further 

investigation, phosphorylation also plays important roles in maintaining enzymatic activity and 

cofactor binding in GOXs (Jossier et al., 2020) and HPR1 (Liu et al., 2020), and thioredoxins in 
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mitochondria can modify the redox status of the L-protein of glycine decarboxylase complex 

(GDC) (Reinholdt et al., 2019; da Fonseca-Pereira et al., 2020). Furthermore, many potential 

sites for phosphorylation, ubiquitination, acetylation, and redox modifications have been 

identified in photorespiratory enzymes (Hodges, 2022; Aroca et al., 2023), suggesting the 

possible involvement of additional post-translational modifications in regulating 

photorespiration. For example, HPR2 may be regulated by post-translational modifications to 

increase its enzymatic activity when the cytosolic shunt is activated. 

Our work has provided evidence for the important role of an alternative photorespiratory 

route in the cytosol under high light conditions when the major photorespiratory pathway is 

defective, supporting the metabolic flexibility of photorespiration and substantiating the 

contribution of photorespiration to stress response. Further investigations are needed to obtain a 

more comprehensive understanding of the regulation of photorespiration, which may ultimately 

help to generate new crop varieties with high productivity without compromising their stress 

tolerance. 

2.4 Methods 

2.4.1 Plant materials and growth conditions 

Wild-type and mutant lines of Arabidopsis thaliana used in the study are all from the 

ecotype Col-0. T-DNA insertion mutants were obtained from the Arabidopsis Biological 

Resource Center (ABRC, Ohio State University, USA) and confirmed by PCR-based genotyping. 

Previously characterized mutants are hpr1-1 (SALK_067724) (Timm et al., 2008), cat2-1 

(SALK_076998) (Queval et al., 2007), plgg1-1 (SALK_053469) (Pick et al., 2013), and glyr1-1 

(SALK_057410) (Zarei et al., 2017). Previously uncharacterized mutants used in this study are 

glyr1-2 (SALK_202680C), glyr1-3 (SALK_203580C), and hpr2-3 (SALK_105876). Primers 

used for genotyping are listed in Table A1.  

Arabidopsis seeds were sown on plates containing half-strength Linsmaier and Skoog 

basal salt (1/2 LS, Caisson Labs), 1% sucrose and 0.8% agar (Phytoblend, Caisson Labs). After 

seed stratification in the dark at 4 °C for 3 to 7 days, plates were placed in the Percival Intellus 

Environmental Controller under normal lights (~100 μmol m-2 s-1 white light), 21 °C, and 

12h/12h light/dark cycle. At ~1.5 weeks old, seedlings were transplanted into the soil and moved 

to the growth chambers with the same growth conditions. For high light treatment, 2-week-old 

plants were transferred to a chamber with ~700 μmol m-2 s-1 white light, and the same 
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temperature and photoperiod as those for NL growth. Plants grown under high CO2 were directly 

sown in the soil and grown under 2,000 ppm CO2, with the same settings for other parameters.  

For the glyoxylate and serine feeding experiments, glyoxylate or serine was filter-

sterilized and added to the autoclaved medium to a final concentration of 0.4 mM and 0.1 mM, 

respectively. Plates were placed in the normal light Percival and high light growth chamber, 

respectively, at the same time.  

2.4.2 Suppressor screening and mapping 

Seeds of hpr1-1 were treated with ethyl methanesulfonate (EMS) to induce random 

mutations. M1 plants were self-pollinated and M2 seeds were harvested. The M2 generation was 

grown under high light for suppressor screening, and individuals that grew bigger or greener than 

hpr1-1 were selected. Candidates with persistent suppressor phenotypes in the M3 generation 

were backcrossed to hpr1-1. Plants displaying the suppression phenotypes in the BC1F2 

generation were used for additional backcrosses.  

In the BC3F2 generation of the shpr7 suppressor, 80 individuals with the suppression 

phenotypes were selected. Genomic DNA from these plants was extracted by Wizard Genomic 

DNA Purification Kit (Promega) and pooled together as one sample, which was used for 

DNBSEQ PE150 whole genome sequencing with 80X coverage. To minimize the influence of 

unrelated background mutations, 29 individuals from hpr1-1 were also sequenced with 30X 

coverage. Sequencing and bioinformatic analysis were performed by BGI Genomics 

(https://www.bgi.com). Selfed progenies from BC3F2 plants exhibiting suppression phenotypes 

were used for follow-up experiments.      

2.4.3 Generation of transgenic lines and RT-PCR 

The 35S::FLAG-GLYR1 construct was generated by Gateway cloning according to 

manufacturer’s instructions (ThermoFisher). Briefly, the coding sequence (CDS) of GLYR1 was 

amplified from cDNA and cloned into the entry vector pDONR207 through the BP reaction. 

Next, GLYR1 was inserted into the destination vector pEarleyGate202 through the LR reaction. 

Entry and expression constructs were confirmed by Sanger sequencing. The construct was 

transformed into Agrobacterium tumefaciens strain GV3101 by electroporation, and Arabidopsis 

lines were transformed by Agrobacteria using floral dipping. Positive transformants were 

selected on 1/2 LS plates containing 1% sucrose and 10 μg/ml glufosinate ammonium. 

https://www.bgi.com/
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For RT-PCR analysis, RNA was extracted from the leaf tissue using NucleoSpin RNA 

Plant kit (MACHEREY-NAGEL), then reverse transcribed using the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems). The CDS of the target genes were PCR-

amplified from cDNA using the GoTaq Green Master Mix (Promega) and gene-specific primers 

(Table A1). 

2.4.4 Protein preparation and immunoblot analysis 

Whole rosettes from 4-week-old plants,  which had been grown for 2 weeks under normal 

light followed by 2-week growth under high light, were collected and ground in liquid nitrogen, 

after which ~60 mg of the powder was homogenized with 500 μl Extraction Buffer [150 mM 

Tris-HCl (pH 6.8), 7.5% β-mercaptoethanol, 3% sodium dodecyl sulfate, and half a cOmplete 

mini protease inhibitor tablet (Roche)]. Samples were centrifuged at 17,000 xg at 4 °C for 10 

min, and the supernatants were transferred to new tubes.  

A previously described method was used for immunoblotting (Lavell et al., 2021). 

Specifically, protein samples were combined with 4X Laemmli Buffer and boiled at 95 °C for 5 

min. 40 μl samples were loaded onto a 4-20% Mini-PROTEAN TGX pre-cast gel (Bio-Rad) with 

the Dual Color Protein Ladder (Bio-Rad). After separation on the gel, proteins were transferred 

to a nitrocellulose membrane using Power Blotter XL System (Invitrogen) at 25V for 7min, 

which was then blocked with 5% milk in TBST for 1 h. The anti-GLYR1 antibody was 

developed by PhytoAB Inc. (CA, USA), based on the antigen peptide PAFPLKHQQKDMRLA 

with an additional C on C-terminus for conjugation. The membranes were incubated in 1:1000 

rabbit anti-GLYR1 antiserum in the blocking buffer overnight at 4 °C. The membranes were 

washed multiple times with TBST, then incubated in 1:10,000 goat anti-rabbit IgG HRP 

secondary antibody (PhytoAB Inc.) in TBST for 2 h, washed again with TBST, and then 

developed with the SuperSignal West Pico PLUS Chemiluminescent Substrate kit (Thermo 

Scientific). A replicated protein gel with the same loading and running conditions was used for 

Coomassie staining.  

2.4.5 Metabolite extraction and quantification 

Leaf samples were collected in the late afternoon, after ~10 h light treatment. Two to 

three well-expanded leaves with similar age were taken from plants with similar morphologies. 

In the cases where the mutants show different morphologies, the whole rosettes were taken. Plant 

tissue was frozen and ground in liquid nitrogen.  
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Metabolite extraction was performed using the methanol/chloroform/water method and 

quantification was conducted by Gas chromatography–mass spectrometry (GC-MS), as 

described previously (Fu et al., 2023). Specifically, 500 μl chloroform/methanol (3:7, v/v) was 

added to the tissue powder, followed by incubation at -20 °C for 2 h with occasional shaking. 

Then the internal standard adonitol and 400 μl water were added to the sample, followed by 

vigorously mixing and centrifugation at 4 °C, 12000 xg for 10 min. The upper phase (methanol 

in water) was taken, dried in a lyophilizer and stored in -80°C.  

Before analysis, samples were derivatized by adding 20 mg/ml methoxyamine 

hydrochloride dissolved in dry pyridine and incubated at room temperature overnight. Next, the 

reaction mixture was silylated by N, O-Bis (trimethylsilyl) trifluoroacetamide with 1% 

trimethylchlorosilane at 60°C overnight. The trimethylsilyl (TMS) derivatives were analyzed by 

an Agilent 7890A GC system/5975C inert XL Mass Selective Detector with a 30 m VF-5ms 

column (Agilent). 1 μl of each sample was injected into the 230°C inlet, where splitless, 10:1 

split, or 20:1 split mode was chosen depending on the levels of the metabolites in plant samples. 

The oven temperature gradient is as follows: 40°C for 1 min, increased to 80°C in 1 min, then 

further increased by 10°C/min to 240°C followed by 20°C /min to 320°C,  and 5 min holding at 

320°C. Scan mode of the MS was used to monitor ions with mass to charge ratio (m/z) between 

50–600.  

Metabolites were identified by m/z values, using retention time in comparison with 

authentic standards or the NIST Mass Spectral Library. Software MassLynx (Waters) was used 

for peak extraction and integration. Metabolites were quantified against the internal standard. 

2.4.5 Photosynthetic measurement 

Using a previously reported method (Li et al., 2019a), the Dynamic Environment 

Photosynthesis Imager (DEPI) (Cruz et al., 2016) was used to measure photosystem II quantum 

efficiency (ΦII) of two-week-old seedlings grown in soil under regular normal light growth 

conditions as mentioned above. ΦII was calculated from (Fm′-Fs)/Fm′, where Fs is the 

chlorophyll fluorescence emission from light-adapted leaf at steady state and Fm’ is the 

maximum fluorescence from light-adapted leaf during a saturating pulse of light. Custom 

software (Visual Phenomics) was used to process the fluorescence images (Tessmer et al., 2013), 

and heatmaps were generated with OLIVER (https://caapp-

msu.bitbucket.io/projects/oliver/index.html).  
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2.4.6 Tobacco infiltration and confocal microscopy (performed by Dr. Amanda Koenig and 

Joy Li) 

GLYR1 was N-terminally tagged with eYFP using the Gateway LR Clonase II Enzyme 

mix (ThermoFisher) by combining entry vector pENTR223-GLYR1 (ABRC, G82382) and 

pEarleyGate104, according to the manufacturer’s instructions. The expression vector (eYFP-

GLYR1) was confirmed by Sanger sequencing and transformed into GV3101 Agrobacterium 

tumefaciens cells by electroporation.  

5 ml Agrobacteria containing the peroxisome marker (mScarlet-SRL in pGWB2)(Koenig 

et al., 2023) and eYFP-GLYR1 were grown in Luria broth (LB, Rif25/Gent10/Kan50) with 225 

rpm shaking at 28 °C overnight. Separate flasks containing 25 ml LB (Rif25/Gent10/Kan50) with 

100 μM acetosyringone were inoculated with 1 ml of the overnight cultures and grown at 28 °C 

to OD600 between 0.6 and 0.8. The cells were harvested by centrifugation at 3000 xg for 10 min 

and then resuspended in MMA infiltration buffer (10 mM MES pH 5.7, 10 mM MgCl2, 100 μM 

acetosyringone) to adjust the OD600 to 0.6. The cell resuspensions were then incubated at room 

temperature (~22 °C) for 1 h. The peroxisome marker and eYFP-GLYR1 cultures were combined 

in 1:1 volume and infiltrated into 6-week-old Nicotiana tabacum leaves with a 1 ml needleless 

syringe. Tobacco plants were recovered in a 12h/12h photoperiod chamber for 2 days before 

imaging. 

Infiltrated tobacco leaves were imaged with an Olympus Fluoview 1000 spectral-based 

confocal laser scanning microscope with a 40X oil objective (NA: 1.30). Images were captured 

using the following excitation and emission parameters: eYFP-GLYR1 (ex: 515 nm, em: 530-

560 nm), mScarlet-SRL (ex: 559 nm, em: 580-615 nm), and chlorophyll autofluorescence (ex: 

515 nm, em: 655-755 nm). 

2.4.7 Hydroxypyruvate reductase (HPR) activity assay 

Using a previously reported method (Gregory et al., 2023), the maximum activity of HPR 

in plants was determined by NADH or NADPH oxidation. In brief, 50-150 mg leaf samples were 

frozen in liquid nitrogen, and ground with 1 ml Extraction Buffer on ice using 2 ml glass-to-glass 

homogenizer. After centrifugation, the supernatant was used for quantifying protein 

concentration and measuring enzymatic activity. Protein concentration was measured using 

Quick Start Bradford 1x Dye Reagent (BIO-RAD) and standards of bovine serum albumin (BIO-

RAD), according to the manufacturer’s instructions. For enzyme activity, a total of 200 μl 
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reaction in 96-well microplate were measured. 4-8 μl crude protein extract with 188-192 μl 

reaction buffer were used for NADH-dependent enzyme activity, while 16-20 μl crude protein 

extract with 176-180 μl reaction buffer were used for NADH-dependent enzyme activity. The 

reaction was initiated by adding 4 μl 25 mM Na beta‐hydroxypyruvate, and the absorbance at 

340 nm was monitored for 5 min. The decrease in absorbance per min and the extinction 

coefficient of NAD(P)H (6.22 mM-1 cm-1) were used to calculate HPR activity in plants, which 

was then normalized to the protein content in the samples.  

2.4.8 Statistics and plots 

Data analysis is performed using Microsoft Excel and Rstudio. Student’s unpaired two-

tailed t-test was used for pairwise comparison. One-way ANOVA with Tukey’s HSD test was 

used for multi-comparison. Boxplot center lines show the medians, and the lower and upper 

hinges correspond to the first and third quartiles. Whiskers extend from the hinges to the largest 

or smallest values that are no further than 1.5 times of the interquartile range. Data points are 

represented as individual dots. 
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Figures 

 

Figure 2.1. The established photorespiration pathway and the cytosolic glyoxylate shunt 

proposed in this study. Photorespiration involves a series of reactions in the chloroplast, 

peroxisome, mitochondrion, and cytosol. We propose that defective GLYR1 allows the overly 

accumulated free glyoxylate in the cytosol to react with serine, catalyzed by an unknown 

aminotransferase. The hydroxypyruvate produced can be further converted through HPR2 to 

glycerate, which re-enters the chloroplast. Abbreviations: 2-OG, 2-oxoglutarate; 2-PG, 2-

phosphoglycolate; 3-PGA, 3-phosphoglycerate; BASS6, bile acid sodium symporter 6; CAT, 

catalase; GDC, glycine decarboxylase complex; GGAT, glutamate:glyoxylate aminotransferase; 

GLYK, glycerate kinase; GLYR1, glyoxylate reductase 1; GOX, glycolate oxidase; HPR, 

hydroxypyruvate reductase; PGLP, 2-PG phosphatase; PLGG1, plastidial glycolate/glycerate 

transporter 1; Rubisco, RuBP carboxylase/oxygenase; RuBP, ribulose-1,5-bisphosphate; SGAT, 

serine:glyoxylate aminotransferase; SHMT, serine hydroxymethyltransferase. Created with 

BioRender.com. 
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Figure 2.2. Loss of function of GLYR1 partially rescues the growth phenotypes of hpr1. (a) 

Plants grown for 2 weeks (2w) under normal light (NL, 100 µmol m-2 s-1) followed by 2 or 2.5 

weeks of growth under high light (HL, 700 µmol m-2s-1), or constantly grown under normal light 

for 4.5 weeks. Scale bars = 5 cm. (b) Radius measurements of the total rosette of 4-week-old 

plants grown under 2w normal light + 2w high light. Different letters indicate statistically 

significant differences (p<0.05), which were determined by One-way ANOVA with Tukey’s HSD 

test. Biological replicates: n=10 for Col-0, n=11 for glyr1-1 and glyr1-1 hpr1-1, n=13 for hpr1-1, 

and n=8 for shpr7. (c) Schematic depiction of the GLYR1 gene and positions of the mutations in 

various alleles. (d) Immunoblot analysis of the GLYR1 protein from different genotypes. The 

GLYR1 protein was detected by an anti-GLYR1 peptide antibody (top). Rubisco stained by 

Coomassie Blue in the SDS-PAGE gel was used as a loading control (bottom). (e) 

Overexpressing GLYR1 reverts the suppression phenotype back to the hpr1 mutant phenotype. 

Plants were grown under 2-week normal light followed by 2.5-week high light. Scale bars = 3 

cm. 
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Figure 2.3. Profiling of stable photorespiratory metabolites in 4-week-old high light-treated 

plants. Plants were grown under 2-week normal light followed by 2-week high light. Different 

letters indicate statistically significant differences (p<0.05), which were determined by One-way 

ANOVA with Tukey’s HSD test. Biological replicates: n=6. 
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Figure 2.4. Analysis of the impact of defective GLYR1 on other photorespiratory mutants 

and GLYR1 protein localization. (a) Plants grown under 2-week normal light followed by 2-

week high light. Scale bars = 3 cm. (b) Heatmap of photosystem II quantum efficiency for 2-

week-old plants under dynamic and high light conditions. Values for the mutants were 

normalized to that of the wild-type Col-0. Biological replicates: n=12 for Col-0, cat2-1, glyr1-1 

cat2-1, glyr1-1 hpr1-1, and plgg1-1, n=11 for glyr1-1 and hpr1-1, and n=13 for plgg1-1. (c) 

Maximum intensity Z-projection of confocal images spanning 30 µm of tobacco leaf tissue co-

expressing eYFP-GLYR1 (cyan) and mScarlet-I-SRL (peroxisomes, red). Chloroplast signals are 

from chlorophyll autofluorescence (yellow). Scale bar = 10 μm. Images in (c) were generated by 

Amanda Koenig.  
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Figure 2.5. Profiling of transitional photorespiratory metabolites in plants transferred to 

the photorespiratory environment. Plants were grown under 3 weeks of high CO2 and normal 

light, and then transferred to ambient CO2 and high light before lights were turned on. Leaf tissue 

was sampled after ~10 h. Different letters indicate statistically significant differences (p<0.05), 

which were determined by One-way ANOVA with Tukey’s HSD test. Biological replicates: n=6. 
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Figure 2.6. Plant growth after feeding with glyoxylate. Growth phenotype (a) and fresh 

weight (b) of 12-day-old seedlings on plates with or without glyoxylate under normal light (NL) 

or high light (HL) are recorded. The p values determined by Student’s unpaired two-tailed t-test 

were labeled on the plot. Seedlings grown on the same plate were treated as a biological 

replicate. Biological replicates: n=4. Scale bars = 3 cm. 
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Figure 2.7. The role of glyr1 is partially dependent on HPR2. (a) Plants grown under 3 weeks 

of high CO2 and normal light before being transferred to ambient CO2 and high light on Day 0. 

Scale bars = 5 cm. (b) Glycolate and hydroxypyruvate levels at the transitional stage. Plants were 

grown under 3 weeks of high CO2 and normal light, and then transferred to ambient CO2 and 

high light before the lights were on. Leaf tissue was sampled after ~10 h. Different letters 

indicate statistically significant differences (p<0.05), which were determined by One-way 

ANOVA with Tukey’s HSD test. Biological replicates: n=5. 
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CHAPTER 3. Defective GLYR1 largely reverts the broad transcriptional reprogramming 

of the hpr1 mutant under high light conditions  

3.1 Introduction 

In Chapter 2, under high light, deficiency in GLYR1 was shown to partially rescue the 

phenotypes of the photorespiration mutants hpr1 and cat2 but not those of plgg1. Further genetic, 

physiological and metabolic analyses supported a novel photorespiratory glyoxylate shunt in the 

cytosol that allows more photorespiratory carbon to be recycled back to the Calvin-Benson cycle. 

However, it is also important to obtain a comprehensive view of how defects in GLYR1 impact 

the transcriptome and cell functions globally.  

To this end, I performed RNA-seq analysis to analyze the transcriptome of Col-0, hpr1-1, 

glyr1-1, glyr1-1 hpr1-1, and shpr7. Since transcriptomic data obtained from plants under 

prolonged photorespiratory conditions may not reflect transcriptional changes directly caused by 

the imposed conditions, we chose to focus on the effects of defective GLYR1 under short-term 

photorespiratory conditions to reduce secondary effects. Plants were grown for 3 weeks under 

normal light and high CO2 (2,000 ppm CO2), where photorespiration is largely inhibited. At the 

end of the dark period, plants were transferred to ambient air with high light conditions to induce 

photorespiration. Leaf samples harvested after 3 h and 10 h of the treatment were used for RNA-

seq. 

3.2 Results 

3.2.1 Defective GLYR1 has little influence on the transcriptome of Col-0 but extensive 

impact on that of hpr1 

Principal component analysis (PCA) was first employed to visualize the variations in the 

RNA-seq data (Fig. 3.1). At both 3 h and 10 h, Col-0 and glyr1-1, and glyr1-1 hpr1-1 and shpr7, 

were respectively clustered together, with both clusters clearly separated from hpr1-1. This 

clustering pattern is consistent with the growth phenotypes of these lines, validating the high 

quality of the RNA-seq data and clear, reproducible transcriptomic response of the mutants.  

Analysis of differentially expressed genes (DEGs) revealed 10,139 and 16,104 DEGs at 3 

h and 10 h respectively, between hpr1-1 and Col-0, demonstrating the remarkable transcriptional 

reprogramming in hpr1-1 (Fig. 3.2). Interestingly, while glyr1-1 itself had relatively few DEGs 

 
 Some results in this chapter have been submitted for publication. The analyses of RNA-seq data were mostly 

performed by Nicholas Panchy.  
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(59 at 3 h and 12 at 10 h), this mutation dramatically altered gene expression in the hpr1-1 

background. At 10 h in particular, the number of DEGs in glyr1-1 hpr1-1 (15,955) or shpr7 

(15,795) compared to hpr1-1 was very close to that in hpr1-1 compared to Col-0, highlighting 

the strong impact of GLYR1 loss of/reduced function in hpr1-1.  

Current understanding of the potential function of GLYR1 under stress conditions is 

mainly from its enzymatic activities as GLYR and succinic semialdehyde reductase, with little 

known about the downstream components. To elucidate the genes and pathways affected by the 

loss of function of GLYR1, I chose the top 5 DEGs, which have large fold changes (>2 fold) and 

small p-values, in glyr1-1 compared to Col-0 from both time points. Gene expression data in all 

genotype comparisons at both 3 and 10 h (Table 3.1, first 5 genes) and the gene descriptions 

(Table 3.2, first 5 genes) of these DEGs were collected. Interestingly, the expression patterns of 

these 5 DEGs in shpr7 vs. hpr1 or glyr1 hpr1 vs. hpr1 comparisons were mostly different from 

glyr1-1 vs. Col-0 (Table 3.1), suggesting that these DEGs have little function in the glyr1-

induced transcriptional reprogramming in hpr1-1. For example, AT2G43820, which encodes a 

glycosyltransferase, was up-regulated in all pairwise comparisons at 3 h, showing a consistent 

effect of glyr1 in Col-0 and hpr1-1 background (Table 3.1 and 3.2). However, while this gene 

has a comparable expression level in glyr1-1 as in Col-0 at 10 h, glyr1 induced a repression of 

this gene in the hpr1-1 background. AT3G06325, another gene that is predicted to generate an 

antisense RNA, was up-regulated in both glyr1-1 and hpr1-1 at 10 h, but defective GLYR1 in 

hpr1-1 down-regulated this gene (Table 3.1 and 3.2). The functions of these 5 DEGs and their 

connections with GLYR1 are largely unknown (Table 3.2). Further investigations are needed to 

fully understand the role of GLYR1 under high light and other stress conditions.  

Among the top 5 DEGs, AT5G19880, a gene belonging to the peroxidase superfamily, 

had high and similar expressions in hpr1-1, glyr1-1 hpr1-1 and shpr7 at 3 h, which is 

inconsistent with the general rescuing trend of glyr1 in hpr1 (Table 3.1 and 3.2). To further 

determine the pattern for changes in gene expression, I chose 5 additional DEGs from the top in 

hpr1-1 for analysis (Table 3.1 and 3.2, last 5 genes). The expression levels of these DEGs were 

similar in glyr1-1 and Col-0, but their altered expressions in hpr1-1 were all at least partially 

reverted in glyr1-1 hpr1-1 and shpr7 (Table 3.1), which supports the strong impact of defective 

GLYR1 in hpr1-1. The functions of the last 4 DEGs (#6-#10) are all related to stress (Table 3.2), 

indicating that the stressful cellular environment in hpr1-1 can be alleviated by glyr1. The 
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expression of AT2G26400, which is predicted to encode an acireductone dioxygenase family 

protein (Table 3.2), was highly repressed in hpr1-1, but this repression was totally rescued in 

glyr1-1 hpr1-1 and shpr7 (Table 3.1), making this unknown protein a good candidate for an 

important player in the glyr1-induced rescue of hpr1.  

Overall, few DEGs were found between glyr1-1 and Col-0, but there were huge numbers 

of DEGs between glyr1-1 hpr1-1 or shpr7 and hpr1-1. The DEGs induced by the deficiency of 

GLYR1 in Col-0 do not seem to play important roles in hpr1, suggesting that glyr1 and hpr1 

mutations together activate a distinct mechanism for hpr1 rescue.  

3.2.2 Defective GLYR1 largely reverts the broad transcriptional reprogramming in hpr1 

To further determine the impact of glyr1 on the transcriptome of hpr1, the DEGs that 

have a more than 4-fold change in hpr1-1 compared to Col-0 at 10 h were selected to generate a 

heatmap (Fig. 3.3). Almost all these DEGs showed reversion to some extent in glyr1-1 hpr1-1 

and shpr7; the majority of them even had comparable or nearly comparable levels of genes 

expression in glyr1-1 hpr1-1, shpr7 and Col-0. This data indicates that glyr1 can effectively 

revert the transcriptional reprogramming in hpr1. 

To decipher the biological pathways affected, we employed weighted gene co-expression 

network analysis (WGCNA) to identify co-expression modules. Using the soft threshold of 30 

(Fig. 3.4a), a total of 17 co-expression modules, whose sizes ranged from 11 to 4,680 genes, 

were constructed (Fig. 3.4b and c, Table 3.3). Generally, the modules that were associated with 

3 h were different from those for 10 h (Fig. 3.4c), indicating that the transcriptome is being 

remodeled along with the increased exposure to high light. Most modules were correlated with 

hpr1-1 but rarely with the other lines, suggesting the large rescuing effects of defective GLYR1 

in hpr1-1. One exception is the lightcyan module, which had positive correlations with Col-0 and 

glyr1-1 at 10 h but no other lines (Fig. 3.4c). Gene Ontology (GO) enrichment analysis of this 

module showed enrichment of the biosynthetic process for anthocyanin-containing compounds 

(Fig. 3.4d), which is consistent with the reduced anthocyanin phenotype in hpr1-1, glyr1-1 hpr1-

1 and shpr7 as shown in Chapter 2.   

The top modules that comprise large numbers of genes, including turquoise (4,680 

genes), blue (3,886 genes), brown (3,047 genes), yellow (2,310 genes), green (2,144 genes) and 

red (1,815 genes), were all closely associated with hpr1-1 but rarely with the other lines (Fig. 

3.4c, Table 3.4). Among these, the yellow and red modules were positively and negatively 
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associated with hpr1-1, respectively, at 3 h (Fig. 3.4c). GO enrichment analysis showed that, at 3 

h, stress response was activated in hpr1-1 whereas protein translation-related processes were 

repressed (Fig. 3.5), suggesting that the cell environment in hpr1-1 at 3 h became stressful and 

started to disrupt housekeeping activities. The other 4 modules were associated with hpr1-1 at 10 

h, with blue and green modules positively associated and turquoise and brown modules 

negatively associated. The blue, green and turquoise/brown modules were enriched in protein 

degradation (Fig. 3.6a), nuclear proteins (Fig. 3.6b), and chloroplast-related proteins (Fig. 3.6c 

and d), respectively. These results suggest that the stressful cell environment in hpr1-1 may 

accelerate protein damage and degradation, especially for chloroplast proteins, and that the 

transcription machinery is highly activated to cope with this adversary. These data are also 

consistent with the accumulation of photorespiratory intermediates in hpr1-1 (see Chapter 2), 

which likely induces a stressful environment that interferes with broad cellular functions. 

Defective GLYR1 partially rescues this metabolic accumulation in hpr1-1, which helps to 

prevent the unfavorable cell environment and consequently largely reverts the transcriptional 

reprogramming in hpr1-1. 

3.2.3 Photorespiratory and photosynthetic genes are largely suppressed in hpr1 and rescued 

by glyr1 at 10 h 

To determine the relationship between GLYR1 and photorespiration or photosynthesis, 

the expression data for genes in these two pathways were extracted from the RNA-seq data (Fig. 

3.7). Most of the photorespiratory and photosynthetic genes showed a small shift in expression 

between 3 and 10 h, suggesting that photorespiration and photosynthesis are dynamic in early 

high light response. All lines showed similar expression patterns in these genes at 3 h, but at 10 h 

hpr1-1 displayed a unique pattern of most decreased expression of these genes, indicating that 

photorespiration and photosynthesis were generally suppressed in hpr1-1, a pattern that got 

reverted by glyr1.  

The top 4 genes in the expression heatmap of photorespiration showed a different pattern 

from the other genes because they were highly up-regulated in hpr1-1 at 10 h (Fig. 3.7a). None 

of these genes encode major components in photorespiration (Table 3.4), thus their upregulation 

in hpr1-1 may be due to their function in other biological pathways.  

To obtain more information about the photorespiratory glyoxylate shunt in the cytosol 

proposed in Chapter 2, gene expression data of candidate aminotransferases, AGT2, AGT3 and 
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PYD4, was gathered along with HPR2 in all genotype comparisons at both 3 and 10 h (Table 

3.5). The expression of AGT2 only had small changes in the mutants, but it was repressed in 

hpr1-1 at 10 h and rescued by defective GLYR1, similar to that of HPR2 and most of the 

photorespiratory genes. In contrast, at 10 h, AGT3 and PYD4 were up-regulated in hpr1-1, which 

was reverted by GLYR1 defects. Among the three candidates, PYD4 is the only gene that 

differentially expressed in hpr1-1 at 3 h and had the biggest alternations of expression among 

genotypes. However, the expression patterns of these three candidate aminotransferases did not 

provide directive clues about their involvement in the glyoxylate shunt, considering their 

potential functions in other pathways and the possible regulations on the enzymatic level. 

Therefore, investigations on the localizations and enzymatic activities of these candidates are 

still the key to determining the aminotransferase involved in the cytosolic glyoxylate shunt.  

Taken together, the expression of genes related to photorespiration and photosynthesis 

was largely suppressed in hpr1 at 10 h, a pattern that was mostly rescued by glyr1. It is likely 

that photorespiration and photosynthesis are disrupted by the stressful environment in hpr1.  

3.3 Discussions 

In this work, I have shown that while glyr1-1 itself did not cause many transcriptional 

changes in the wild-type background, defects in GLYR1 significantly rescued the hpr1-1 mutant 

at the transcriptome level under high light conditions. The top DEGs in glyr1-1 may be the key 

to understanding the function of GLYR1 in Col-0, but these genes do not seem to play important 

roles in the hpr1-1 background, suggesting that lacking the function of both GLYR1 and HPR1 

activates a distinct mechanism which otherwise has minimal influence in the glyr1-1 single 

mutant.  

Broad and high-level transcriptional reprogramming was found in hpr1, probably because 

of the accumulation of photorespiratory metabolites. Due to the impaired main photorespiratory 

pathway in the peroxisome in hpr1, the photorespiratory intermediates gradually accumulate in 

the cell as plants are moved to high light conditions, causing an unfavorable environment that 

disrupts regular biological processes. The lack of GLYR1 in hpr1 can activate the cytosolic 

glyoxylate shunt proposed in Chapter 2, which helps to recycle more carbon back to the Calvin-

Benson cycle and therefore partially prevents the formation of a stressful cell environment. 

Photorespiratory and photosynthetic genes were generally suppressed in hpr1 at 10 h, and this 
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suppression was largely rescued by glyr1. This pattern may be similar to the genes in other 

primary cellular processes in a stressful environment. 

These results support the existence of the photorespiratory glyoxylate shunt in the 

cytosol, but other possible mechanisms for how glyr1 rescues hpr1 also exist. The genes that are 

differentially expressed in hpr1-1 and fully reverted in glyr1-1 and shpr7 at 3 h may be good 

candidates for the key regulators in this rescue.  

3.4 Methods 

3.4.1 Plant growth and RNA extraction  

Arabidopsis lines used in this Chapter were described in Chapter 2. Seeds were directly 

sown to soil in pots and stratified in the dark at 4 °C for 3 to 7 days. Then the pots were moved to 

high CO2 (2,000 ppm) conditions, ~100 μmol m-2 s-1 white light, 21 °C, and 12h/12h light/dark 

cycle for growth. After growing under high CO2 for 3 weeks, plants were moved to ambient air 

condition at the end of the dark period, followed by 3 h or 10 h of high light treatment at ~700 

μmol m-2 s-1.  

Five biological replicates each for Col-0, hpr1-1, glyr1-1, glyr1-1 hpr1-1, and shpr7 were 

used, and 2-3 well-expanded leaves of similar age were sampled on each plant. Plant tissue was 

frozen and ground in liquid nitrogen. Total RNA was isolated using the NucleoSpin RNA Plant 

kit (MACHEREY-NAGEL), after which DNA was further depleted using the TURBO DNA-free 

Kit (Invitrogen). 

3.4.2 RNA sequencing and data analysis 

RNA-seq was performed by the MSU Genomics Core, who prepared mRNA libraries 

with the KAPA mRNA HyperPrep Kit (Roche) and pooled them together with samples from 

other researchers onto one S4 lane of Illumina NovaSeq 6000. The sequencing yielded 2x150 bp 

paired end reads with ~20M read pairs per sample. 

Analysis of the RNA-seq data was mainly performed by Nicholas Panchy (MSU 

Bioinformatics Core), who used the nf-core/rnaseq v3.10.1 pipeline 

(https://zenodo.org/records/7505987) built with Nextflow v22.10.4 (Di Tommaso et al., 2017) to 

process and quantify transcriptomic reads using the standard defaults unless otherwise specified. 

Briefly, Salmon v1.9.0 (Patro et al., 2017) and the fq v0.9.1 (https://github.com/stjude-rust-

labs/fq) were used to sub-sample FastQ files and auto-infer read strandedness. Adapter and 

quality trimming were performed using Trim Galore! v0.6.7 

https://zenodo.org/records/7505987
https://github.com/stjude-rust-labs/fq
https://github.com/stjude-rust-labs/fq
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(https://zenodo.org/records/5127899) with Cutadapt v3.4 (Martin, 2011). STAR v2.7.9a was used 

to map the raw FastQ reads to the reference genome and project the alignments onto the 

transcriptome (Dobin et al., 2013). The alignments were sorted and indexed using SAMtools 

v1.16.1 (Li et al., 2009), and downstream BAM-level transcript quantification was performed 

with Salmon v1.9.0 with the --seqBias --gcBias tags (Patro et al., 2017). 

Reads were mapped to the TAIR 10.1 version of the A. thaliana genome 

(GCA_000001735). Genes with missing transcript IDs were filtered from the GTF file, which is 

a known issue with some GTF files (see https://github.com/nf-core/rnaseq/issues/1086). 

DESeq2 v1.38.3 was used to perform differential expression analysis for 3-h and 10-h 

samples separately (Love et al., 2014). Tximport v1.26.1 was used to import transcript 

abundances and construct a gene-level DESeqDataSet object from Salmon quant.sf files 

(Soneson et al., 2016). Genes were filtered for those with a count of at least 10 in 5 samples.  

The fgsea v1.24.0 was used for pre-ranked gene set enrichment analysis (GSEA), and the 

genes were ranked by the Wald statistic (Korotkevich et al., 2021). Gene ontology enrichments 

were performed using the TAIR annotation file for A. thaliana downloaded from 

http://current.geneontology.org/products/pages/downloads.html from the 2024-04-24 release.  

Heatmaps of differentially expressed, photosynthetic, and photorespiration genes were 

generated using the pheatmap v1.0.12 package (https://github.com/raivokolde/pheatmap). Genes 

(rows) were clustered using row scaled, Euclidean distance and the ward.D clustering approach. 

Weighted Gene Co-expression Network Analysis (WGNCA), including network 

construction, module trait correlations, and intramodular connectivity was performed with the 

WCGNA v1.72-5 package (Langfelder & Horvath, 2008, 2012), incorporating samples from the 

3 and 10 h samples for best results. Genes were filtered as in differential gene expression 

analysis and count data was normalized using the getVarianceStabilizedData function from the 

DEseq2 package. A soft power threshold of 30 was used by applying the elbow criterion to scale 

independence and mean connectivity. For module trait correlation analysis, the different 

combinations of time and genotype were discretized into presence (1)/ absence (0) values. 

Enrichment of gene ontology for WGCNA modules was done using the same sources for 

GO annotations, but with a hypergeometric test using the phyper function. However, fgsea 

v1.24.0 was also used to test the enrichment of differentially expressed genes in modules using 

the previous ranking approach for DEGs. 

https://zenodo.org/records/5127899
https://github.com/nf-core/rnaseq/issues/1086
http://current.geneontology.org/products/pages/downloads.html
https://github.com/raivokolde/pheatmap
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Figures 

 
Figure 3.1. Principal Component Analysis plots of RNA-seq samples. All 5 biological 

replications of each line at 3 h (a) and 10 h (b) time points were plotted. dubl, the glyr1-1 hpr1-1 

double mutant. 
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Figure 3.2. Volcano plots to display differentially expressed genes (DEGs). Four pairwise 

comparisons: hpr1-1 vs. Col-0, glyr1-1 vs. Col-0, shpr7 vs. hpr1-1, and glyr1-1 hpr1-1 vs. hpr1-

1 at 3 h (a) and 10 h (b) are shown. Genes that have an adjusted p-value of < 0.01 are considered 

DEGs and shown above the gray dashed line. Blue, red, and black dots represent the down-

regulated, up-regulated, and unchanged genes, respectively.  
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Figure 3.3. Heatmap of the expression of selective DEGs. DEGs in hpr1-1 at 10 h that have an 

absolute log2 fold ratio>2 and an adjusted p-value of < 0.01 were selected. Gene expression was 

normalized to have an average value of 0 and indicated by the color legend.    
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Figure 3.4. Construction of co-expression networks by weighted gene co-expression 

network analysis (WGCNA). (a) Plots showing the relationships between soft threshold and 

scale independence (left) and between soft threshold and mean connectivity (right). Soft 

threshold is determined by the elbow criterion. (b) A hierarchical cluster tree showing co-

expression modules identified by WGCNA. Different colors represent different gene modules. 

The grey module includes genes that failed to be assigned. (c) Heap map of correlations between 

gene modules and plant genotypes at both time points. The correlation value is indicated by the 

color legend, and the number in parenthesis in each cell represents the adjusted p-value of the 

correlation. dubl, the glyr1-1 hpr1-1 double mutant. (d) Gene Ontology (GO) enrichment 

analysis in the lightcyan module.  
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Figure 3.4 (cont’d) 
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Figure 3.5. Gene Ontology (GO) enrichment analysis of modules closely connected to hpr1 

at 3 h. The top 10 enriched terms in the yellow (a) and red (b) modules are shown. 
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Figure 3.6. Gene Ontology (GO) enrichment analysis of modules closely connected to hpr1 

at 10 h. The top 10 enriched terms in the blue (a), green (b), turquoise (c) and brown (d) 

modules are shown. 
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Figure 3.6 (cont’d) 
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Figure 3.7. Heatmap of the expression of photorespiratory and photosynthetic genes. 

Expression of photorespiration (a) and photosynthesis (b) genes were normalized to have an 

average of 0 and indicated by the color legend.   
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Figure 3.7 (cont’d) 
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Tables 

Table 3.1. Expression of selected top DEGs.  

 Gene ID 

3h 10h 

glyr1 

vs. 

Col-0 

hpr1 

vs. 

Col-0 

shpr7 

vs. 

hpr1 

dubl 

vs. 

hpr1 

glyr1 

vs. 

Col-0 

hpr1 

vs. 

Col-0 

shpr7 

vs. 

hpr1 

dubl 

vs. 

hpr1 

log2 Fold Change 

1 AT1G20390 -2.64 -1.74 / / -2.67 / -1.67 -2.43 

2 AT5G19880 19.81 18.71 / / / 6.32 -4.66 / 

3 AT2G43820 2.74 4.73 1.18 1.25 / 8.88 -5.17 -4.84 

4 AT2G05380 / 3.24 / / 1.57 4.96 / / 

5 AT3G06325 / / / / 4.02 7.78 -5.75 -5.21 

6 AT2G26400 / -18.42 27.11 25.67 / / / / 

7 AT2G36790 / 7.98 -5.31 -5.39 / 5.42 -4.2 -3.31 

8 AT1G05680 / 13.2 -4.61 -4.71 / 14.19 -5.77 -5.19 

9 AT5G43450 / 7.02 -4.35 -4.34 / 5.51 -3.24 -2.53 

10 AT2G41730 / 8.81 -6.42 -6.44 / 6.38 -4.75 -3.48 

padjust 

1 AT1G20390 
6.25 

E-29 

7.78 

E-15 
n.s. n.s. 

8.78 

E-31 
n.s. 

4.13 

E-15 

1.25 

E-27 

2 AT5G19880 
4.72 

E-11 

2.28 

E-12 
n.s. n.s. n.s. 

4.68 

E-04 

7.73 

E-03 
n.s. 

3 AT2G43820 
1.01 

E-14 

4.25 

E-50 

3.46 

E-04 

1.48 

E-04 
n.s. 0 0 

1.1 

E-296 

4 AT2G05380 n.s. 
1.09 

E-21 
n.s. n.s. 

8.55 

E-08 

9 

E-100 
n.s. n.s. 

5 AT3G06325 n.s. n.s. n.s. n.s. 
3.16 

E-03 

1.37 

E-20 

4.51 

E-20 

8.72 

E-18 

6 AT2G26400 n.s. 
4.29 

E-06 

1.03 

E-11 

1.19 

E-10 
n.s. n.s. n.s. n.s. 

7 AT2G36790 n.s. 0 
4.7 

E-264 

2.1 

E-271 
n.s. 

9.5 

E-110 

2.72 

E-69 

3.04 

E-44 

8 AT1G05680 n.s. 
3.3 

E-268 

1.37 

E-74 

1.68 

E-77 
n.s. 

2.9 

E-59 

1.63 

E-12 

2.3 

E-10 

9 AT5G43450 n.s. 0 
1.8 

E-135 

5.5 

E-135 
n.s. 

1.9 

E-56 

1.23 

E-20 

4.15 

E-13 

10 AT2G41730 n.s. 
1.7 

E-286 

9.7 

E-168 

3.4 

E-168 
n.s. 

7.5 

E-134 

3.02 

E-78 

3.91 

E-43 
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Table 3.2. Functional description of selected top DEGs.   

 Gene ID Gene description 

1 AT1G20390 Transposable_element_gene; gypsy-like retrotransposon family. 

2 AT5G19880 Peroxidase superfamily protein. 

3 AT2G43820 

UDP-GLUCOSYLTRANSFERASE 74F2 (UGT74F2); ARABIDOPSIS 

THALIANA SALICYLIC ACID GLUCOSYLTRANSFERASE 1 

(ATSAGT1); UDP-GLUCOSE:SALICYLIC ACID 

GLUCOSYLTRANSFERASE 1 (SGT1); Encodes a nicotinate-O-

glycosyltransferase. Induced by Salicylic acid; virus; fungus and bacteria. 

Also involved in the tryptophan synthesis pathway. Independent of NPR1 

for their induction by salicylic acid.  

4 AT2G05380 
Glycine-rich protein 3 short isoform (GRP3S) mRNA; the mRNA is cell-

to-cell mobile. 

5 AT3G06325 Natural antisense transcript overlaps with AT3G41762. 

6 AT2G26400 
Encodes a protein predicted to belong to the acireductone dioxygenase 

family. 

7 AT2G36790 

UDP-GLUCOSYL TRANSFERASE 73C6 (UGT73C6); encodes a UDP-

glucose:flavonol-3-O-glycoside-7-O-glucosyltransferase attaching a 

glucosyl residue to the 7-O-position of the flavonols kaempferol, 

quercetin and their 3-O-glycoside derivatives. 

8 AT1G05680 

URIDINE DIPHOSPHATE GLYCOSYLTRANSFERASE 74E2 

(UGT74E2); Encodes a UDP-glucosyltransferase that acts on IBA 

(indole-3-butyric acid) and affects auxin homeostasis. The transcript and 

protein levels of this enzyme are strongly induced by H2O2 and may 

allow integration of ROS (reactive oxygen species) and auxin signaling.  

9 AT5G43450 Encodes a protein whose sequence is similar to ACC oxidase. 

10 AT2G41730 

HRG1; H2O2 response gene; sensor/responder of H2O2; involved in 

maintaining embryonic root meristem activity. Expression in rosette 

leaves is activated by high concentration of boron. 
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Table 3.3. Number of genes in each co-expression module determined by WGCNA. 

moduleColors nGenes 

black 148 

blue 3886 

brown 3047 

cyan 36 

green 2144 

greenyellow 90 

grey 843 

lightcyan 11 

magenta 121 

midnightblue 17 

pink 127 

purple 91 

red 1815 

salmon 38 

tan 76 

turquoise 4680 

yellow 2310 

 

Table 3.4. The first 4 photorespiratory genes in the expression heatmap shown in Fig. 3.7a. 

Gene ID Gene name 

AT1G36370 
MORE SULPHUR ACCUMULATION1 (MSA1);  

SERINE HYDROXYMETHYLTRANSFERASE 7 (SHM7) 

AT4G13890 

SERINE HYDROXYMETHYLTRANSFERASE 5 (SHM5); 

EMBRYO SAC DEVELOPMENT ARREST 36 (EDA36); 

EMBRYO SAC DEVELOPMENT ARREST 37 (EDA37) 

AT3G17240 LIPOAMIDE DEHYDROGENASE 2 (mtLPD2) 

AT1G22020 SERINE HYDROXYMETHYLTRANSFERASE 6 (SHM6) 
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Table 3.5. Expression of candidates for the hypothetical cytosolic aminotransferase 

proposed in Chapter 2. 

Gene ID 
Gene 

name 

3h 10h 

glyr1 

vs. 

Col-0 

hpr1 

vs. 

Col-0 

shpr7 

vs. 

hpr1 

dubl 

vs. 

hpr1 

glyr1 

vs. 

Col-0 

hpr1 

vs. 

Col-0 

shpr7 

vs. 

hpr1 

dubl 

vs. 

hpr1 

AT1G79870 HPR2 / / / / / -1.6 1.41 1.5 

AT4G39660 AGT2 / / / / / -0.78 0.61 0.71 

AT2G38400 AGT3 / / / / / 1.44 -1 -1.09 

AT3G08860 PYD4 / 3.87 / / / 4.24 -7.97 -4.49 
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 CHAPTER 4. The role of photorespiration in plant immunity 

4.1 Introduction 

Plants have developed a sophisticated immune system during their co-evolution with 

pathogens in nature, which include two interacting and connected layers: pattern-triggered 

immunity (PTI) and effector-triggered immunity (ETI) (Dodds & Rathjen, 2010; Yuan et al., 

2021). PTI is triggered by the elicitors from pathogens, like the peptide flg22, which comes from 

the conserved domain of the bacterial flagellin (Yu et al., 2017). During PTI, intracellular 

signaling, transcriptional reprogramming, and other physiological responses such as reactive 

oxygen species (ROS) burst, callose deposition, and biosynthesis of phytohormones salicylic 

acid (SA) and jasmonate (JA), limit pathogen growth (Yu et al., 2017). ETI is activated by the 

recognition of virulent effectors that are secreted from pathogens into the plant cell (Cui et al., 

2015). ETI responses are similar to PTI but stronger, and often lead to local programmed cell 

death called hypersensitive response (HR) (Cui et al., 2015). 

As introduced in detail in Chapter 1, evidence for the role of photorespiration in plant 

immunity is emerging. Studies of the roles of photorespiration in plant-pathogen interaction have 

focused on H2O2 since photorespiration is considered as a major source of H2O2 in 

photosynthetic cells (Foyer et al., 2009). In the photorespiratory pathway, glycolate is converted 

to glyoxylate by glycolate oxidases (GOXs) in the peroxisome, producing H2O2 that is then 

scavenged by catalases (CATs). Defects in GOXs generally induce depressed immune response 

and susceptible disease phenotypes in Arabidopsis, tobacco and tomato (Rojas et al., 2012; 

Ahammed et al., 2018), suggesting that the H2O2 produced by GOXs is important to immunity. 

In cat mutants, H2O2 accumulation along with SA-dependent defense phenotypes was found 

under normal conditions without pathogen infection (Takahashi et al., 1997; Chamnongpol et al., 

1998; Mittler et al., 1999; Chaouch et al., 2010; Chaouch & Noctor, 2010), and Arabidopsis 

CAT2 has been shown to coordinate defense signaling (Giri et al., 2017; Yuan et al., 2017; Lv et 

al., 2019), highlighting the crucial role of CAT-mediated H2O2 in immune response. It has also 

been reported that CAT and GOX can act together to regulate H2O2 homeostasis in defense 

response (Zhang et al., 2016; Williams et al., 2018). Additionally, the glycine decarboxylase 

complex (GDC) (Navarre & Wolpert, 1995; Yao et al., 2002; Cristina Palmieri et al., 2010; 

Gilbert & Wolpert, 2013), serine hydroxymethyltransferase (SHMT) (Fu et al., 2022), and 
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glutamate:glyoxylate aminotransferase (GGAT) (González‐lópez et al., 2021) have been shown 

to involve in ROS homeostasis in immunity.  

Photorespiratory metabolites also contribute to plant immunity. A soybean cytosolic 

SHMT, which has impaired tetrahydrofolate (THF) binding, was identified to confer resistance to 

the soybean cyst nematode (Liu et al., 2012; Kandoth et al., 2017; Korasick et al., 2020), 

suggesting the connection between folate metabolism and immunity. In soybean, HPR was also 

found to interact with P34, the receptor for the P. syringae elicitor syringolide, and applying 

glycerate and 3-PGA to the plant was able to restrain syringolide-induced HR (Okinaka et al., 

2002). Additionally, photorespiration-associated amino acids have been shown to induce disease 

resistance in plants (Kadotani et al., 2016; Yang et al., 2017; Toyota et al., 2018). 

Other photorespiratory enzymes, including serine:glyoxylate aminotransferase (SGAT) 

(Taler et al., 2004; Ahammed et al., 2018) and glycerate kinase (GLYK) (Gao et al., 2020), were 

also reported to play roles in plant-pathogen interaction, but the underlying mechanisms are 

unclear. 

Although studies have shown that photorespiration impacts plant immune response 

through multiple processes, our current understanding of the underlying mechanism is still 

largely fragmentary. To further investigate the interaction between the photorespiratory pathway 

and plant immune system, I employed two strategies using the model plant Arabidopsis thaliana 

and the bacterial pathogen Pseudomonas syringae pv. tomato strain DC3000 (Pst DC3000). To 

test the hypothesis that photorespiration plays a positive role in plant immunity, I first assessed 

disease phenotypes of photorespiratory mutants and found that the peroxisomal photorespiratory 

enzyme HPR1 and the chloroplastic glycolate/glycerate transporter PLGG1 contribute to plant 

immune response via the photorespiratory pathway. Additionally, I quantified photorespiration 

under pathogen infection using the gas exchange experiment, but did not find evidence for the 

upregulation of photorespiration that had been reported by previous studies.  

4.2 Results 

4.2.1 Null mutants of HPR1 and PLGG1 show defects in immune response 

To understand whether components of the photorespiratory pathway influence the 

warfare between the plant and pathogen, I tested a collection of Arabidopsis photorespiratory 

mutants, including those deficient in enzymes or transporters. Among the mutants, hpr1 and 

plgg1 consistently showed increased disease susceptibility. 
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Consistent with previous reports of the growth phenotypes of photorespiratory mutants 

(Timm et al., 2008; Yang et al., 2012), both hpr1-1 and plgg1-1 plants grown in ambient air 

exhibited small rosettes; in addition, plgg1-1 also had lesions on leaves (Fig. 4.1a). When 

infiltrated with Pst DC3000, at 2 dpi (2 days post infiltration), both knockout lines of HPR1 

(hpr1-1 and hpr1-2) and the null PLGG1 allele showed a higher level of bacterial growth in 

plants compared with the wild-type (Fig. 4.1b). Consistently, the infected leaves of the hpr1 

mutants also exhibited more severe water-soaking symptoms (Fig. 4.1c), the symptoms that 

describe the pathogen-driven establishment of an aqueous apoplastic environment favoring 

infection (Xin et al., 2016). Therefore, defective HPR1 or PLGG1 seems to compromise plant 

immune response.  

To get a better understanding of the role of HPR1 and PLGG1 in plant immunity, the two 

main layers of the immune system, PTI and ETI, were tested in the mutants. PTI was induced by 

pre-treatment of 100 nM of flg22 followed by Pst DC3000 infiltration into the plants 22-24 h 

after flg22 inoculation, called the flg22 protection assay. At 2 dpi, the hpr1-1 and plgg1-1 

mutants with flg22 pretreatment showed significantly higher levels of bacterial populations and 

more obvious water-soaking symptoms than Col-0 in the same group (Fig. 4.1d and e), 

indicating that the PTI response in hpr1-1 and plgg1-1 is compromised. To induce the ETI 

response, Pst DC3000 (avrPpt2), an avirulent strain carrying the effector protein AvrRpt2, was 

inoculated into the plants. AvrRpt2-induced ETI requires the activation of the receptor protein 

RPS2 (Spoel & Dong, 2012), whose null mutant rps2-101c (Mackey et al., 2003) exhibited 

severe disease symptoms such as massive bacterial growth, necrosis and chlorosis in the leaves 

at 3 dpi (Fig. 4.1f and g). The disease symptoms in hpr1-1 and plgg1-1 were weaker than those 

in rps2-101c but apparently stronger than in Col-0 (Fig. 4.1f and g), suggesting impaired ETI 

response in these two photorespiratory mutants.  

Other than bacterial growth inside the plants, more aspects of the PTI response were 

investigated in hpr1-1 and plgg1-1. In response to flg22 treatment, comparable apoplastic ROS 

burst, a hallmark of early PTI response (Yu et al., 2017), was observed in hpr1-1, plgg1-1 and 

Col-0 (Fig. 4.2a), suggesting that HPR1 or PLGG1 defect does not impact apoplastic ROS burst. 

Late PTI response, including callose deposition as a physical barrier against pathogens (Yu et al., 

2017) and expression of the SA signaling marker gene PR1 (Pieterse et al., 2012), were also 

tested. Callose deposition was induced by flg22 application in both Col-0 and plgg1-1 plants at 8 
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h post infiltration (8 hpi), but with clearly fewer induced callose deposits in plgg1-1 (Fig. 4.2b 

and c). Although flg22 triggered PR1 expression in all three lines at 24 hpi, hpr1-1 and plgg1-1 

displayed much reduced upregulation compared with Col-0 (Fig. 4.2d). The weaker callose 

deposition and PR1 gene expression in hpr1-1 and plgg1-1 are consistent with their susceptible 

disease phenotypes in the flg22 protection assay (Fig. 4.1d and e), indicating compromised PTI 

in hpr1-1 and plgg1-1. 

Taken together, results from bacterial growth, callose deposition and PR1 gene 

expression analyses support the conclusion that defects in HPR1 and PLGG1 impair both PTI 

and ETI responses.   

4.2.2 The growth and disease phenotypes of hpr1 and plgg1 can be largely rescued by high 

CO2 conditions 

To determine whether the function of HPR1 and PLGG1 in plant immunity is dependent 

on photorespiration specifically, and not a pleiotropic effect, mutant plants were grown under 

high CO2 (2,000 ppm), where photorespiration is largely inhibited. As expected, the hpr1-1 and 

plgg1-1 mutants grown under high CO2 had similar morphologies as Col-0 (Fig. 4.3a). To rule 

out the direct influence of high CO2 on pathogens, Pst DC3000 and Pst DC3000 (avrPpt2) were 

grown on plates under ambient air or high CO2. Results showed that these two strains had 

comparable growth irrespective of the environmental CO2 concentrations (Fig. 4.3b). 

The flg22 protection assay and Pst DC3000 (avrPpt2) infiltration were performed again 

on high CO2-grown mutants to evaluate the function of HPR1 and PLGG1 in both PTI and ETI 

responses. With flg22 or mock treatments, the hpr1-1 and plgg1-1 mutants grown under high 

CO2 exhibited comparable bacterial growth and water-soaking symptoms as Col-0 at 2 dpi (Fig. 

4.4a-d). The null allele of RPS2 grown under high CO2 still showed susceptibility to Pst DC3000 

(avrRpt2) at 3 dpi, but the disease phenotypes in hpr1-1 and plgg1-1 were similar to those in 

Col-0 (Fig. 4.4e and f). These results revealed that the compromised immune response in hpr1-1 

and plgg1-1 can be largely rescued by high CO2, prompting the conclusion that the effects of 

HPR1 and PLGG1 in plant immunity are dependent on the photorespiratory pathway.  

4.2.3 Photorespiration rate is unchanged during plant interaction with Pst DC3000 and 

flg22 in Arabidopsis 

As described in Chapter 1, various parameters, including the difference of net CO2 

assimilation rate between 2% and 21% O2, photorespiratory CO2 compensation point (Γ*) and 
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the ratio of glycine to serine (Gly/Ser), have been used to estimate photorespiration rate. Using 

these methods, previous studies reported increased photorespiration rate in tomato upon Pst 

DC3000 infection (Ahammed et al., 2018), in banana seedlings inoculated with Fusarium 

oxysporum f. sp. cucumerinum (FOC) (Dong et al., 2016), and in nitrate-induced FOC-resistant 

cucumber plants (Sun et al., 2021), suggesting that photorespiration may be actively regulated by 

plants as a strategy in defense. To further determine how photorespiration is regulated during 

defense, I performed gas exchange experiments to test whether an increased photorespiration rate 

can be seen in the Arabidopsis-Pst DC3000 model system used in my studies.  

First, I used a moderate concentration of Pst DC3000 (~1 × 106 CFU ml−1) to inoculate 

the plant and measured photorespiration rate in plants before and at 14-18 hpi of Pst DC3000 

infiltration. Pst DC3000-treated plants had similar rubisco oxygenation rates (vo) to mock-treated 

plants, suggesting that the photorespiration rate does not change under this condition (Fig. 4.5a). 

Photosynthesis-related parameters, including net CO2 assimilation rate (A), rubisco 

carboxylation rate (vc) and quantum efficiency of photosystem II (ΦII), were also found to be 

comparable between the two groups of plants (Fig. 4.5a). 

Next, I reasoned that the potential regulation of photorespiration may be restricted to a 

certain stage during plant-pathogen interaction instead of throughout the whole process, and 

therefore used a higher concentration of Pst DC3000 (~1 × 107 CFU ml−1) and a late time point 

(23-25 hpi). Plants after Pst DC3000 infiltration showed a much lower vo than those treated with 

mock (Fig. 4.5b), which was opposite to what I had expected. A, vc and ΦII were also found to 

decrease in Pst DC3000-treated plants at this time point, raising the possibility of cell damage 

that disrupts normal biological processes including photorespiration.  

To avoid the difficulties in finding a perfect time point after Pst DC3000 infiltration, I 

switched to flg22 treatment to obtain a strong immune response without cell death. However, no 

obvious changes in vo, A, vc or ΦII were found at 20-24 hpi with a high concentration of flg22 

(500 nM) (Fig. 4.6), suggesting that neither photorespiration nor photosynthesis is influenced by 

PTI response at this time point. 

Overall, using Arabidopsis with Pst DC3000 or flg22 treatment, I have not been able to 

reproduce the increased photorespiration rate reported previously. More investigations are 

needed to reach a clear conclusion on if and how photorespiration changes during plant-pathogen 

interaction.  
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4.3 Discussion and future directions 

To elucidate the role of photorespiration in immunity, I tested the disease phenotypes of 

photorespiratory mutants and measured photorespiration rate on plants with pathogen treatments. 

I found that defects in Arabidopsis HPR1 and PLGG1 proteins compromise the immune response 

in both PTI and ETI, and the susceptible phenotypes shown in the hpr1-1 and plgg1-1 mutants 

can be reverted by high CO2. These findings provide additional evidence for the important role 

of photorespiration in defense response. Based on these results and the literature on these two 

photorespiratory proteins, I hypothesize that the connections between HPR1/PLGG1 and defense 

response might be changes in ROS homeostasis or photorespiratory intermediates.  

As discussed in detail in Chapter 1, in photosynthetic cells, photorespiration is a major 

source of H2O2 (Foyer et al., 2009), a crucial signaling molecule during plant-pathogen 

interaction. Current evidence shows that the regulation of photorespiratory ROS is not limited to 

the H2O2-producing enzyme GOX and the H2O2-scavenging enzyme CAT, but involves other 

photorespiratory enzymes such as GDC, SHMT1 and GGAT1 (see Chapter 1 for details). 

Therefore, although neither HPR1 nor PLGG1 directly participates in producing or scavenging 

H2O2, the disruptions of photorespiratory metabolism in hpr1-1 and plgg1-1 may still influence 

ROS homeostasis. Although hpr1-1 and plgg1-1 had similar apoplastic ROS burst as Col-0, 

HPR1, which is in the peroxisomal matrix, and PLGG1, which is on the chloroplast inner 

envelope, are more likely to influence the homeostasis of intracellular, instead of extracellular, 

ROS (Fig. 4.2a). To test if hpr1-1 and plgg1-1 have decreased levels of intracellular ROS, 

compromised ROS signaling, or disordered ROS response, I have generated transgenic lines of 

these two mutants expressing the peroxisomal H2O2 reporter HyPer (Costa et al., 2010) to 

monitor the dynamics of ROS inside peroxisomes, and started to test the expressions of ROS-

responsive genes such as OXI1 (oxidative signal-inducible 1) (Rentel et al., 2004; Petersen et al., 

2009), GSTU24 (glutathione S-transferase tau 24) and APX1 (ascorbate peroxidase 1) (Chaouch 

& Noctor, 2010), during defense. 

As detailed in Chapter 1, photorespiratory metabolites have been shown to play a role in 

immunity. The deficiency of either HPR1 or PLGG1 was found in previous publications (Timm 

et al., 2008; Pick et al., 2013) and my work (Chapter 2) to cause increases in photorespiratory 

intermediates, including glycolate, glyoxylate, glycine, serine, hydroxypyruvate, and glycerate, 

under ambient air conditions. One or more of these accumulated photorespiratory intermediates 
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may be involved in the susceptible disease phenotypes in hpr1-1 and plgg1-1. Since the 

application of glycerate inhibits HR in soybean (Okinaka et al., 2002), glycerate may be a good 

candidate. To test this hypothesis, photorespiratory metabolites in the pathogen-treated mutants 

and Col-0 can be measured by GC-MS to identify candidate metabolites whose level changes 

correlate to immune response. These metabolites together with pathogens can then be applied to 

plants to validate their function. 

I also measured photorespiration rate in Arabidopsis treated with Pst DC3000 or flg22, 

but failed to confirm the previously reported up-regulation of photorespiration. The low-

throughput of gas exchange measurements by Li-COR might be a reason, as plants usually have 

big individual variations and it is difficult to capture small changes in photorespiration or 

investigate a series of time points with the current techniques. It is also possible that the 

regulation of photorespiration is highly dynamic or restricted to specific stages of the immune 

response, even specific plant-pathogen systems. Lastly, photorespiration is not a closed cycle (Fu 

et al., 2023) The measured vo only represents the rate of the initial step of photorespiration but 

not necessarily the whole process. If the activity of a photorespiratory enzyme or the 

concentration of a photorespiratory metabolite is regulated during plant-pathogen interaction 

after the initial stage, it may not alter vo. 

In summary, both the photorespiratory pathway and the immune response are complex 

processes. Large-scale and systematic approaches involving simultaneous measurements of 

photorespiration and immune response may be required, in order to obtain a comprehensive view 

of the interplay between these two systems under different conditions. 

4.4 Methods 

4.4.1 Plant and pathogen materials and growth conditions 

Wild-type and mutant lines of Arabidopsis thaliana used in the study are all from the 

ecotype Col-0. Mutants hpr1-1 (SALK_067724) and plgg1-1 (SALK_053469) were the same 

lines as those used in Chapter 2. The hpr1-2 mutant (SALK_143584) was characterized 

previously (Timm et al., 2008) and used in a previous study in my lab (Li et al., 2019a). The 

rps2-101c mutant was characterized before (Mindrinos et al., 1994) and was kindly provided by 

Dr. Brad Day. 
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Arabidopsis seeds were directly sown in the soil in pots. After seed stratification in the 

dark at 4 °C for 3 to 7 days, pots were moved to growth chambers with ~100 μmol m-2 s-1 white 

light, 21 °C, and 12 h/12 h light/dark cycle for plant growth.  

Pseudomonas syringae pv. tomato strain DC3000 (Pst DC3000), stain Pst DC3000 

(avrPpt2) and peptide flg22 were kindly provided by Drs. Sheng Yang He and Brad Day. Pst 

DC3000 and Pst DC3000 (avrPpt2) were grown on Modified Luria-Bertani medium (LM, 10.0 g 

Bacto tryptone, 6.0 g Bacto yeast extract, 1.5 g K2HPO4, 0.6 g NaCl, 0.4 g MgSO4·7H2O per 

liter H2O) at 28-30 °C with Rif50 and Rif50/Kan50 respectively.  

4.4.2 Pathogen infection assays 

Bacterial infiltration in Arabidopsis was performed using a previous protocol (Yao et al., 

2013). Briefly, 5-week-old Arabidopsis plants were syringe-infiltrated with a bacterial suspension 

[~1 × 105 colony-forming units (CFU) ml−1 Pst DC3000 or ~ 1 × 106 CFU ml−1 Pst DC3000 

(avrRpt2) in 0.25 mM MgCl2 solution]. Plants were dried in the air in the growth chamber and 

covered with domes to keep high humidity. Two or 3 days after inoculation, i.e., 2 dpi for Pst 

DC3000 and 3 dpi for Pst DC3000 (avrPpt2), plant tissue was collected and ground, and 

bacterial populations were determined by serial dilutions.   

For flg22 protection assays, plant leaves were syringe-infiltrated with 100 nM flg22 or 

0.1% DMSO (mock). After 22–24 h, plants in the growth chamber without domes were 

infiltrated again with a bacterial suspension [~ 1 × 106 CFU ml−1 Pst DC3000 in 0.25 mM MgCl2 

solution]. Bacterial populations were quantified at 2 dpi.  

4.4.3 Apoplastic ROS burst assay 

As described previously (Zhang et al., 2019), 4 mm leaf discs were taken from ~5-week-

old plants and kept floating on water (adaxial side up) in 96-well plates overnight. Then water 

was removed and replaced with 100 μl immune-eliciting solution [34 μg ml-1 luminol (Sigma-

Aldrich), 20 μg ml-1 horseradish peroxidase (Sigma-Aldrich) and 100 nM flg22 (0.1% DMSO for 

mock) in water]. Luminescence was measured at 470nm with a SpectraMax L microplate reader 

(Molecular Devices).  

4.4.4 Quantification of callose deposits 

Five-week-old plants were infiltrated with 100 nM flg22 or 0.1% DMSO on three leaves 

for each plant. After 8 h, leaves were sampled and stained using a previous protocol (Bach-Pages 

& Preston, 2018) with modifications. Briefly, leaves were soaked in 100% ethanol overnight to 
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clear chlorophyll, then fixed with acetic acid/ethanol solution (1:3, v/v) for 2 h. Next, samples 

were incubated sequentially in 75% ethanol, 50% ethanol and 150 mM K2HPO4 (pH 9.5) for 15 

min at each step, then stained with 0.01% aniline blue in 150 mM K2HPO4 (pH 9.5) solution at 4 

°C overnight. Leaves were mounted in 50% glycerol on glass slides and observed with the Axio 

Imager M1 epi-fluorescence microscope (ZEISS), using the DAPI filter. The number of callose 

deposits was counted with ImageJ (https://imagej.net/ij/).  

4.4.5 RNA extraction and qRT-PCR 

Five-week-old plants were infiltrated with 100 nM flg22 or 0.1% DMSO. After ~24 h, 

leaf tissue was sampled and ground in liquid nitrogen. RNA was extracted using the NucleoSpin 

RNA Plant kit (MACHEREY-NAGEL), then reverse transcribed using the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems). Fast SYBR Green Master Mix (Applied 

Biosystems) was used with a 7500 Fast Real-Time PCR System (Applied Biosystems) for real-

time PCR. The primer pairs are 5’-GGCTAACTACAACTACGCTG-3’ and 5’-

TCTCGTTCACATAATTCCCAC-3’ for PR1; and 5’-GGTTACAAGACAAGGTTCACTC-3’ 

and 5’-CATTCAGGACCAAACTCTTCAG-3’ for the internal control gene PP2AA3. Data of 

each gene was normalized to its averaged gene expression in mock-treated Col-0. 

4.4.6 Gas exchange measurements 

Mature, fully-expanded leaves from 5- to 5.5-week-old plants were used in gas exchange 

measurements with LI-6800 (LI-COR Biosciences, Lincoln, Nebraska, USA). During 

measurements, chamber temperature was maintained at ~25°C and vapor pressure deficit was 

controlled at 1-1.5 kPa H2O. Each leaf was measured under a series of light intensities: 800, 100, 

50, 45, 40, 35, 30, 25 μmol m-2 s-1. The same leaf was measured twice, before and after pathogen 

treatments. Treatments used and corresponding time points are: Pst DC3000 (~1 × 106 CFU 

ml−1) at 14-18 hpi, Pst DC3000 (~1 × 107 CFU ml−1) at 23-25 hpi, 500 nM flg22 treatment at 20-

24 hpi, and 0.25 mM MgCl2 solution or 0.1% DMSO as mock treatments.  

Net CO2 assimilation rate (A) and quantum efficiency of photosystem II (ΦII) were 

directly measured with LI-6800, and rubisco carboxylate rate (vc) and oxygenation rate (vo) were 

estimated based on a previous protocol (Gregory et al., 2023). In brief, the estimation was based 

on vc = (A + RL) / (1- Γ*/Cc) and vo = (vc – A - RL) / 0.5, where the partial pressure of chloroplastic 

CO2 (Cc) was calculated using Cc = Ci - (A / gm). Among these parameters, the partial pressure of 

intercellular CO2 (Ci) was provided by LI-6800, non‐photorespiratory CO2 release in the light 

https://imagej.net/ij/
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(RL) was determined using the common intersection method (Walker et al., 2016a). Finally, the 

partial pressure of CO2 in the chloroplast at the photorespiratory compensation point (Γ*) and 

mesophyll conductance to CO2 (gm) were assumed to be 4.88 Pa and 2.23 μmol m−2 s−1 Pa−1, 

respectively, based on previous measurements (Bao et al., 2021).  

4.4.7 Statistics and plots 

Data analysis and plots were conducted as described in Chapter 2. Student’s paired two-

tailed t-test was used for pairwise comparison. One-way or Two-way ANOVA with Tukey’s HSD 

test was used for multi-comparison.   
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Figures 

Figure 4.1. Null mutants of HPR1 and PLGG1 show defects in growth and immune 

response. 
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Figure 4.1 (cont’d) 

(a) Five-week-old plants grown under ambient CO2. Red arrows indicate the yellow lesions in 

the older leaves of plgg1-1. (b, c) Quantification of bacterial populations inside the leaves (b) 

and water-soaking symptoms on the leaves (c) at 2 d post infiltration (2 dpi) with Pseudomonas 

syringae pv. tomato DC3000 (Pst DC3000) at ~ 1 × 105 CFU ml−1. (d, e) Quantification of 

bacterial populations inside the leaves (d) and water-soaking symptoms on the leaves (e) that 

were pretreated with 100 nM flg22 and then infiltrated 24 h later with Pst DC3000 ~1 × 106 CFU 

ml−1. Plant leaves were sampled at 2 dpi. (f, g) Quantification of bacterial populations inside the 

plant leaves (f) and disease symptoms on the leaves (g) at 3 dpi with Pst DC3000 (avrRpt2) at ~ 

1 × 106 CFU ml−1. Five-week-old plants were used in all experiments. Different letters indicate 

statistically significant differences (p<0.05), which were determined by One-way (b, f) or Two-

way (d) ANOVA with Tukey’s HSD test. Biological replicates: n=4. 
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Figure 4.2. PTI response of hpr1 and plgg1 in apoplastic ROS burst, callose deposition, and 

expression of the PR1 gene. 
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Figure 4.2 (cont’d) 

(a) Apoplastic ROS burst induced by 100 nM flg22. 0.1% DMSO was used as the mock 

treatment. Results represent the mean ± SD. Biological replicates: n=6 for mock-treated plants, 

and n=5 for flg22-treated plants. (b) Callose deposits induced by 100 nM flg22 at 8 h post 

infiltration (hpi). Leaves were stained with 0.1% aniline blue and observed under an 

epifluorescence microscope using a DAPI filter. Scale bar = 100 μm. (c) Callose deposits 

quantified using ImageJ. Biological replicates: n=4. (d) Expression of PR1 induced by 100 nM 

flg22 at 24 hpi. PP2AA3 was used as the internal control and data was normalized to the average 

of PR1 gene expression in mock-treated Col-0. Biological replicates: n=4. Five-week-old plants 

were used in all experiments. Different letters in (c) and (d) indicate statistically significant 

differences (p<0.05), which were determined by Two-way ANOVA with Tukey’s HSD test. 
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Figure 4.3. Growth phenotypes of plants and pathogens under high CO2 conditions. (a) 

Five-week-old plants grown under 2,000 ppm of CO2. (b) Pst DC3000 and Pst DC3000 

(avrRpt2) grown in high CO2 (2,000 ppm, HC) or ambient air (AC) growth chambers for 4 or 3 

days.  
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Figure 4.4. Disease phenotypes of hpr1 and plgg1 are largely rescued by high CO2 

conditions. 
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Figure 4.4 (cont’d) 

 (a, b) Quantification of bacterial population inside the leaves (a) and water-soaking symptoms 

on the leaves (b) of Col-0 and hpr1-1 plants that were pretreated with 100 nM flg22, and then 

infiltrated 24 h later with Pst DC3000 at ~1 × 106 CFU ml−1. Plant leaves were sampled at 2 dpi. 

(c, d) The level of bacterial populations inside the leaves (c) and water-soaking symptoms on the 

leaves (d) of Col-0 and plgg1-1 plants that were pretreated with 100 nM flg22, and then 

infiltrated 24 h later with Pst DC3000 at ~1 × 106 CFU ml−1. Plant leaves were sampled at 2 dpi. 

(e, f) Quantification of bacterial populations inside the leaves (e) and disease symptoms on the 

leaves (f) at 3 dpi with Pst DC3000 (avrRpt2) at ~ 1 × 106 CFU ml−1. Five-week-old plants were 

used in all experiments. Different letters indicate statistically significant differences (p<0.05), 

which were determined by One-way (e) or Two-way (a, c) ANOVA with Tukey’s HSD test. 

Biological replicates: n=4. 
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Figure 4.5. Measurement of photorespiration and photosynthesis under normal light 

conditions on plants treated with Pst DC3000.  
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Figure 4.5 (cont’d) 

(a) Rubisco oxygenation rate (vo), net CO2 assimilation rate (A), rubisco carboxylation rate (vc) 

and quantum efficiency of photosystem II (ΦII) of Col-0 plants before Pst DC3000 (~1 × 106 

CFU ml−1) treatment and at 14-18 hpi. Biological replicates: n=4. (b) vo, A, vc and ΦII of Col-0 

plants before Pst DC3000 (~1 × 107 CFU ml−1) treatment and at 23-25 hpi. Biological replicates: 

n=3. MgCl2 solution (0.25 mM) was used as mock. The p values were determined by Student’s 

paired two-tailed t-test. 
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Figure 4.6. Measurements of photorespiration and photosynthesis under normal light 

conditions on plants treated with flg22. vo, A, vc and ΦII of Col-0 plants before 500 nM flg22 

treatment and at 20-24 hpi are shown. Biological replicates: n=4. DMSO (0.1%) was used as 

mock. The p values were determined by Student’s paired two-tailed t-test. 
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CHAPTER 5. Summary and future perspectives 

My dissertation focuses on the role of photorespiration in plants under stress conditions, 

high light and pathogen infection in particular. I applied various strategies to dissect the 

relationships between photorespiration and stress conditions and investigate the underlying 

mechanisms. 

To understand how photorespiration is modulated under high light, I performed a 

screening for suppressors of the photorespiratory mutant hpr1. GLYR1, which encodes a 

cytosolic enzyme that converts glyoxylate to glycolate, was identified as the gene carrying the 

causal mutation that partially reverts the mutant phenotypes of hpr1 under high light, including 

growth, photorespiratory metabolites, and photosynthesis. Defective GLYR1 can also rescue the 

phenotypes of the catalase mutant cat2 under high light, but not the mutant of the PLGG1. 

Further investigations with metabolic and genetic tools suggest the existence of a cytosolic 

glyoxylate shunt of photorespiration, where glyoxylate and serine can be converted into 

hydroxypyruve by an unknown aminotransferase, feeding into the HPR2-mediated reaction. The 

glycerate produced by HPR2 returns to chloroplast and eventually carbons are recycled to the 

Calvin-Benson cycle. This cytosolic glyoxylate shunt supports the flexibility of photorespiration, 

which may be important in plant response to stress conditions like high light when the main 

photorespiratory pathway is deficient as in the cases of hpr1 and cat2.  

To further investigate the function of GLYR1, I performed RNA-seq for Col-0, glyr1-1, 

hpr1-1, glyr1-1 hpr1-1 and shpr7. The glyr1 mutant only has a small number of differentially 

expressed genes compared to Col-0, but glyr1 hpr1 and shpr7 have a massive number of 

differentially expressed genes compared to hpr1. The transcriptional reprogramming in hpr1 

involves broad biological processes, which can be largely reverted by the lack of a functional 

GLYR1. This RNA-seq data is consistent with the accumulation of photorespiratory metabolites 

in hpr1 and its partial rescue by glyr1, supporting the cytosolic glyoxylate shunt proposed in 

Chapter 2. 

To investigate the role of photorespiration in plant immunity, I treated photorespiratory 

mutants with pathogens and found two photorespiratory mutants, hpr1 and plgg1, showing 

susceptible phenotypes under pathogen infections. High CO2 conditions can rescue the 

susceptible phenotypes of these two mutants, indicating that the role of HPR1 and PLGG1 in 

plant immunity is dependent on photorespiration. Although further investigations are needed to 
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elucidate the underlying mechanisms, my current results suggest the positive role of 

photorespiration in plant immunity.  

My work provides evidence to the important role of photorespiration in plant stress 

response, a key area where our understanding is still fragmentary. Photorespiration is a complex 

process that involves a series of reactions with multiple enzymes and metabolites across 

chloroplasts, peroxisomes, mitochondria and the cytosol, therefore large-scale experiments that 

simultaneously assay for different aspects of the pathway during stress response are required to 

obtain a full understanding of the role of photorespiration in plant stress response. In addition, 

my work and previous work from my lab showed that HPR1 and PLGG1 play positive roles in 

both high light and immunity, suggesting that photorespiration may contribute to abiotic and 

biotic stresses using similar mechanisms. Hence, it will also be interesting to expand this line of 

research to compare photorespiration under different stresses. Lastly, knowledge gained on the 

role of photorespiration in stress response may guide future breeding and engineering efforts for 

the simultaneous improvement of yield and resilience in crop plants.  
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APPENDIX 

 
Figure A1. Characterizations of shpr7, T-DNA insertion lines of GLYR1, and GLYR1-

overexpressing lines. (a) GLYR1 expression in shpr7 plants grown under 2 weeks of normal 

light followed by 4.5 weeks of high light. (b) GLYR1 expression in the T-DNA insertion lines 

grown under 2 weeks of normal light followed by 3 weeks of high light. The expression of 

UBQ10 was used as a control in (a) and (b). (c) The glyr1 single mutants and glyr1 hpr1 double 

mutants grown under 2 weeks of normal light followed by 2.5-week high light. (d) FLAG-

GLYR1 expression in transgenic lines grown under 2 weeks of normal light followed by 2.5 

weeks of high light. 
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Figure A2. Metabolic profiling of plants grown under high CO2. Plants were grown under 

high CO2 for 3 weeks. Different letters indicate statistically significant differences (p<0.05), 

which were determined by One-way ANOVA with Tukey’s HSD test. Biological replicates: n=6. 
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Figure A3. Profiling of transitional hydroxypyruve in plants transferred to the 

photorespiratory environment. The same data of hydroxypyruve was used as Fig. 2.5, but hpr1 

and glyr1 hpr1 were removed to focus on cat2 and glyr1 cat2. Plants were grown under 3 weeks 

of high CO2 and normal light, and then transferred to ambient CO2 and high light before lights 

were turned on. Leaf tissue was sampled after ~10 h. Different letters indicate statistically 

significant differences (p<0.05), which were determined by One-way ANOVA with Tukey’s HSD 

test. Biological replicates: n=6.  
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Figure A4. Plant growth after feeding with serine. Growth phenotype (a) and fresh weight (b) 

of 12-day-old seedlings on plates with or without serine under normal light (NL) or high light 

(HL) are recorded. The p values determined by Student’s unpaired two-tailed t-test were labeled 

on the plot. Seedlings grown on the same plate were treated as a biological replicate. Biological 

replicates: n=3.  

 

 

 

 

 
Figure A5. Characterizations of hpr2-3. (a) Schematic depiction of the HPR2 gene and the 

position of the mutation in hpr2-3. (b) HPR2 expression in hpr2-3 in plants grown under 2 

weeks of normal light followed by 2 weeks of high light. UBQ10 was used as a control. 
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Figure A6. Hydroxypyruvate reductase (HPR) activities in plants. The NADH-and NADPH-

dependent HPR enzyme activities in plants grown under 3-week high CO2 and normal light 

followed by ~10 h ambient air and high light (a) and plants grown under 2 weeks of normal light 

followed by 2 weeks of high light (b) are shown. Different letters indicate statistically significant 

differences (p<0.05), which were determined by One-way ANOVA with Tukey’s HSD test. 

Biological replicates: n=3 for (a) and n=4 for (b).  
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Table A1. List of primers used in this study. 

Primer name Primer sequence (5'-3') Purpose 

SALK_LBb1.3 ATTTTGCCGATTTCGGAAC Genotyping 

SALK_067724_LP GTTGAGTTTGGATATGGCCAC Genotyping 

SALK_067724_RP ACCAAACATCGCGATTACAAC Genotyping 

SALK_076998_LP ACATTTTGGAGCATTGACTGG Genotyping 

SALK_076998_RP TCTGGTGCTCCTGTATGGAAC Genotyping 

SALK_053469_RP GTTTTGCCATAGGCTCGGCTT Genotyping 

SALK_053469_LP CGTCGTCGTCTCCATACCCAT Genotyping 

SALK_057410_LP ACAATCAAAACCCAAAATCCC Genotyping 

SALK_057410_RP AAACGATCTCTTCCCCAAGAC Genotyping 

SALK_202680_LP CTCAGCCAATCCAAATGAGTG Genotyping 

SALK_202680_RP CGGTGTTTTGGAGCAGATATG Genotyping 

SALK_203580_LP GCTTGCAAAAGTTTGATCACC Genotyping 

SALK_203580_RP GTTTGGGAATCATGGGAAAAG Genotyping 

SALK_105876_LP CACTGGATTCCCTAAACATGC Genotyping 

SALK_105876_RP CCCTTAGCTCCTAATGCATCC Genotyping 

GLYR1-att-F 
ggggacaagtttgtacaaaaaagcaggcttcATGGAAGTAGGGTTT

CTGGGT 
Cloning 

GLYR1-att-R 
ggggaccactttgtacaagaaagctgggtcCTATTCGCGGGAGAA

TTTC 
Cloning 

GLYR1-CDS-F ATGGAAGTAGGGTTTCTGGGT RT-PCR 

GLYR1-CDS-R CTATTCGCGGGAGAATTTCAC RT-PCR 

FLAG-GLYR1-F GACTACAAAGACGATGACGACAAA RT-PCR 

UBQ10-F TCAATTCTCTCTACCGTGATCAAGATG RT-PCR 

UBQ10-R GGTGTCAGAACTCTCCACCTCAAGAG RT-PCR 

HPR2-RT-F ATGGAATCAATCGGAGTCCTTATGA RT-PCR 

HPR2-RT-R CCAAATCCCAAATGTGTCACATGAC RT-PCR 

 


