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Abstract

Main conclusion Genetic engineering of Arabidopsis thaliana reveals that mitochondrial serine hydroxymethyltrans-
ferase 1 (SHMT1) protein abundance does not limit the capacity of photorespiration, photosynthesis, or stomatal
conductance.

Abstract Photorespiration safeguards photosynthesis from negative metabolic feedback inhibition caused by Rubisco’s major
oxygenation byproduct, 2-phosphoglycolate, and its downstream metabolites. Previous studies have shown that photosynthetic
limitations can be alleviated by enhancing endogenous photorespiratory flux through position-specific enzyme overexpres-
sion. Here, we investigated whether overexpression of mitochondrial serine hydroxymethyltransferase 1 (SHMT1) influences
this regulatory circuit. However, the 1.3-threefold increase in SHMT 1 protein abundance did not affect the visual phenotype,
growth, or photosynthetic gas-exchange parameters, including CO, assimilation rates and stomatal conductance, under
either standard or photorespiration-promoting conditions. Metabolomic analyses further revealed wild-type-like steady-state
accumulation patterns of photorespiratory and other primary metabolites in transgenic lines during both, illumination and
darkness, respectively. These results indicate that SHMT1 is already expressed at sufficient levels in Arabidopsis wild type,
as substantial increases in protein abundance did not enhance photorespiratory flux and growth under laboratory conditions.
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Introduction carboxylase/oxygenase (Rubisco) catalyzes the oxygena-

tion of RuBP, producing one molecule each of 3-phospho-

Photorespiration is essential for maintaining efficient oxy-
genic photosynthesis by preventing metabolic inhibition
of the Calvin—-Benson—Bassham (CBB) cycle. In addition,
it is tightly integrated into primary metabolism through
extensive carbon and nitrogen exchange and exerts regula-
tory control over several biosynthetic pathways, including
nitrogen and sulfur assimilation, and the subcellular redox
homeostasis (Foyer et al. 2009; Busch 2020). Photorespi-
ration is initiated when ribulose-1,5-bisphosphate (RuBP)

Communicated by Dorothea Bartels.

>4 Stefan Timm
stefan.timm @uni-rostock.de

Plant Physiology Department, University of Rostock,
Albert-Einstein-Strale 3, D-18059 Rostock, Germany

Max Planck Institute of Molecular Plant Physiology,
D-14476 Golm, Germany

glycerate (3-PGA) and 2-phosphoglycolate (2-PG). Due
to Rubisco’s intrinsic catalytic properties and atmospheric
gas composition, oxygenation occurs frequently, leading to
substantial 2-PG formation (Busch 2020). As 2-PG is toxic
and inhibits several enzymes of the CBB cycle, it must be
rapidly recycled through photorespiration, which converts
two molecules of 2-PG into one 3-PGA while releasing CO,
and NH," (Bauwe and Fernie 2020).

Despite long-standing efforts to engineer an oxygen-
insensitive Rubisco, limited success has shifted attention
toward alternative strategies to reduce photorespiratory
carbon loss. These include enhanced CO, recapture and
synthetic bypasses relocating decarboxylation reactions
to the chloroplast, which have shown promise in several
plant species (South et al. 2018; Xu et al. 2023; Smith
et al. 2025). In parallel, optimization of endogenous pho-
torespiratory enzymes has emerged as a powerful approach
to improve photosynthesis and growth. While reduced
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photorespiratory flux impairs CO, assimilation, overex-
pression of distinct enzymes such as 2-PG phosphatase
(PGLP1) and glycine decarboxylase (GDC) subunits H and
L enhances photosynthesis, growth, and carbon use effi-
ciency (Fliigel et al. 2017; Timm et al. 2012, 2015, 2025).
These improvements correlate with lower steady-state lev-
els of photorespiratory intermediates, suggesting increased
pathway capacity and relief from metabolic inhibition of
the CBB cycle.

Although the roles of PGLP1 and GDC are well
established, the contribution of other enzymes to pho-
torespiratory flux control remains poorly understood.
Therefore, we investigated whether the mitochondrially
localized serine hydroxymethyltransferase 1 (SHMT1),
which operates in close functional association with
GDC, represents an additional limitation for photores-
piratory metabolism, photosynthesis, and plant growth.
The rationale for investigating SHMT1 abundance stems
from the central role of this enzyme in mitochondrial
photorespiratory metabolism. Genetic disruption of
SHMT1 causes pronounced photorespiratory phenotypes
in both Arabidopsis and potato (Schjoerring et al. 2006;
Voll et al. 2006), even in the absence of simultaneous
manipulations of GDC. These observations, therefore,
identify SHMT]1 as a plausible candidate for influencing
photorespiratory flux. Moreover, enzyme abundance has
been shown to affect flux control at several steps of the
photorespiratory pathway, as discussed above. In the case
of GDC, for example, it was not immediately apparent
that increased expression of individual components such
as the H- or L-protein would stimulate GDC activity,
given that both proteins are already highly abundant in
mitochondria (Bauwe 2023) and therefore unlikely to be
present at limiting levels.

Although SHMTs constitute a small multigene family
in Arabidopsis, comprising seven isoforms localized to
different cellular compartments including mitochondria,
cytosol, chloroplasts, and the nucleus, SHMT1 represents
the only mitochondrial isoform directly associated with
the photorespiratory glycine-to-serine conversion (Voll
et al. 2006). Other SHMT isoforms, including cytosolic
and chloroplastic forms, are thought to function primar-
ily in cellular one-carbon metabolism and may contrib-
ute to the maintenance of glycine and serine pools in
their respective compartments (Nogués et al. 2022).
While these pools could potentially influence metabo-
lite exchange between compartments, the mitochondrial
SHMT1 isoform is directly linked to the GDC reaction
and therefore represents the key SHMT involved in the
photorespiratory pathway. Our study, therefore, specifi-
cally addressed whether increasing the abundance of
this mitochondrial enzyme affects photorespiratory flux
in vivo.
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Materials and methods

Overexpression construct, transformation,
and plant growth

To overexpress serine hydroxymethyltransferase 1 (SHMT1),
the full-length coding sequence of Flaveria pringlei SHMT1
(FpSHMT1) was PCR-amplified from cDNA using prim-
ers FpSHMT1-EcoRI-S (P308) and FpSHMT1-EcoRI-AS
(P306) (sequences are listed in Supplemental Table S1).
The amplified fragment was cloned into pGEM-T (Invitro-
gen) for sequence verification and subsequently subcloned
into the CaMV polyadenylation cassette of pGreen in sense
orientation. The resulting FpSHMT1:CaMV fragment was
transferred into the binary vector pGreen0229 (Hellens et al.
2000) carrying the mesophyll-specific, light-inducible ST-
LSI promoter (Stockhaus et al. 1989; Timm et al. 2012),
generating pG0229:ST-LSI:FpSHMT1:CaMV (Fig. 1A).
The construct was introduced into Agrobacterium tumefa-
ciens strain GV3101 and transformed into Arabidopsis thali-
ana (Arabidopsis) Col-0 plants by floral dip (Clough and
Bent 1998). From 20 phosphinotricine-resistant plants, four
independent transgenic lines (FpS-L1-L4) with confirmed
genomic integration and increased SHMT1 protein abun-
dance (~ 1.3—threefold relative to wild type) were selected.
Homozygous T3 plants were used for all analyses. Plants
were grown under standard conditions (10 h light/14 h
dark, 20/18 °C day/night, 120-140 umol m~2 s~! photo-
synthetically active radiation, ~ 70% relative humidity) on a
4:1 mixture of soil (Type Mini Tray; Einheitserdewerk) and
vermiculite and watered with 0.2% Wuxal liquid fertilizer
(Aglukon, Diisseldorf, Germany). All experiments were per-
formed with plants at stage 5.1 (Boyes et al. 2001).

Validation of transgenic lines, RT-PCR,
and immunoblot analysis

Genomic DNA was isolated from rosette leaves and used
to verify transgene integration by PCR. Hence, the ST-LSI
promoter-FpSHMTI_CDS fusion (P280/P306; 2554 bp) was
amplified as diagnostic fragment and the ribosomal protein
S16 gen (P444/P445; 432 bp) served as control. Protein
abundance was analyzed by SDS-PAGE and immunoblotting
according to standard procedure, using specific antibodies
raised against recombinant SHMT1 and glycine decarboxy-
lase T-protein (Solanum tuberosum).

Measurements of photosynthetic parameters

Gas exchange measurements were performed on fully
expanded leaves using an open gas-exchange system as
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Fig. 1 Isolation, phenotype, and growth of FpS overexpression lines.
A Scheme of the FpSHMT1 overexpression construct. B PCR verifi-
cation and C immunoblots with antibodies against recombinant ser-
ine hydroxymethyltransferase 1 (SHMT1) and glycine decarboxylase
(GDC) T-protein, using 5 ug total leaf protein per lane of a denatur-
ing polyacrylamide gel and two plant individuals per overexpressor

described previously (Timm et al. 2011). A/C; curves (400,
300, 200, 100, 50, 20, 0, 400 ppm CO,) were recorded at a
photon flux density of 1000 umol m~2 ™!, leaf temperature
of 25 °C, flow rate of 300 pmol s~!, relative humidity of
60-70%, and three oxygen concentrations (10, 21, and 40%
O,, balanced with N,). Measurements were conducted dur-
ing a 6-h window in the middle of the light period.

Metabolite profiling

Primary metabolites were quantified by gas chromatogra-
phy—mass spectrometry (GC-MS). Leaf material was har-
vested at the end of the day (9 h light) and night (13 h dark),
immediately frozen in liquid nitrogen, and stored at— 80 °C.
Approximately 30-50 mg of leaf tissue from at least five
biological replicates were analyzed. Metabolite extraction,
derivatization, and GC-MS analysis were performed as
described by Lisec et al. (2006).

Statistical analysis

Statistical significance was assessed by ANOVA or Students
t test, with P <0.05 considered as significant.

Results and discussion

Mitochondrial serine hydroxymethyltransferase 1 (SHMT1)
functions in close association with the photorespiratory

enzyme glycine decarboxylase (GDC), a multi-enzyme sys-
tem composed of the H-, P-, T-, and L-proteins. Together,
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line FpS-L1-L4. D Visual phenotype. E Selected quantitative growth
parameters of the transgenic lines and the wild type after 10 weeks
in normal air (400 ppm CO,). Given are means+SD of 6 biological
individuals. Values that do not share the same letter are significantly
different from each other as determined by ANOVA

the GDC-SHMT|1 reaction cycle catalyzes the conversion of
two glycine molecules into one molecule of serine, accom-
panied by the release of CO,, ammonia, and NADH (Voll
et al. 2006; Bauwe 2023). Previous studies have demon-
strated that, under standard growth conditions, GDC activity
is constrained by the abundance of the H- and L-proteins,
whereas the T-protein does not appear to be limiting (Timm
etal. 2012, 2015, 2018). By contrast, the potential flux con-
trol exerted by the P-protein remains largely unexplored
due to the absence of comparable overexpression studies in
planta. Notably, increased expression of the H- and L-pro-
teins enhanced overall photorespiratory flux and positively
affected photosynthesis and plant growth. Given the central
role of the GDC-SHMT|1 reaction cycle in photorespiration
and its impact on plant performance (Schjoerring et al. 2006;
Voll et al. 2006), we sought to determine whether increased
SHMT1 abundance could likewise modulate photorespira-
tory metabolism.

To avoid transcriptional repression caused by RNA
interference, the SHMT1 cDNA from Flaveria pringlei was
constitutively expressed in Arabidopsis thaliana wild-type
plants (Col-0). Photorespiration-associated expression char-
acteristics, namely light inducibility and preferential expres-
sion in green, chloroplast-containing tissues, were con-
ferred by driving SHMT1 expression through the Solanum
tuberosum ST-LS1 promoter (Stockhaus et al. 1989), which
has previously been used successfully in photorespiratory
overexpression studies. Four independent transgenic lines
were generated (Fig. 1A; FpS-L1-1L4) and verified by PCR
(Fig. 1B). After several rounds of selfing, stable T3-genera-
tion lines exhibiting approximately 1.3—threefold increased
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SHMT1 protein abundance were selected for detailed
analyses (Fig. 1C). The selected lines were examined with
respect to growth performance, photosynthetic parameters,
and metabolite profiles. To avoid seed-age-related bias,
wild-type plants derived from the same seed harvest were
grown alongside the transgenic lines in all experiments.
Under ambient air conditions, SHMTI-overexpressing lines
FpS-L1-L4 were visually indistinguishable from wild-type
controls (Fig. 1D). Consistently, fresh weight, dry weight,
and the derived FW/DW ratio did not differ significantly
between genotypes. The similar phenotype contrasts with
previously described photorespiratory overexpression lines,
such as PGLP1 and GDC H- and L-protein overexpressors,
which displayed enhanced growth under comparable condi-
tions (Timm et al. 2012, 2015, 2025; Fliigel et al. 2017).

Similar to GDC T-protein overexpression lines (Timm
et al. 2018), the absence of a growth advantage in SHMTI-
overexpressing plants suggests that SHMT1 protein abun-
dance does not limit the overall GDC-SHMT|1 reaction cycle
and, consequently, photorespiratory flux in Arabidopsis
under standard growth conditions. This interpretation is con-
sistent with earlier reports describing unaltered growth fol-
lowing SHMT1 overexpression in both Arabidopsis and rice
under non-stress conditions (Liu et al. 2019; Li et al. 2024).
Nevertheless, SHMT1 has been implicated in maintaining
plant performance under specific environmental conditions,
including abiotic and biotic stress (Moreno et al. 2005; Liu
et al. 2019), similar to overexpression studies on photorespi-
ratory glycolate oxidase in rice (Cui et al. 2016). However,
another study has reported SHMTI overexpression to affect
biomass accumulation in fast-growing species such as poplar
(Zhang et al. 2019), suggesting a more context-dependent
role for SHMT1 function. Such growth responses might
be explained by the impact of higher SHMT1 activity on
C1-carbon metabolism, to which the GDC-SHMT1 reaction
cycle contributes (Gashu et al. 2025), but more systematic
analysis is pending.

Growth stimulation in previously described plants overex-
pressing photorespiratory proteins was consistently associ-
ated with enhanced photosynthetic CO, assimilation (Timm
et al. 2012, 2015, 2025; Fliigel et al. 2017). In contrast, and
in line with the absence of growth stimulation observed in
SHMTI-overexpressing lines mentioned before, no statisti-
cally significant changes were detected in diagnostic pho-
tosynthetic gas-exchange parameters. Net CO, assimilation
rates (Ay), the CO, compensation point (I"), stomatal con-
ductance (g,), transpiration rates (E), intracellular CO, con-
centration (C;), and the Ci/C, ratio remained indistinguish-
able between transgenic lines and wild-type plants under
ambient O, levels. Interestingly, although stomatal closure
was shown to be partially affected by posttranslational modi-
fication of SHMT1 (i.e., protein phosphorylation) in mutant
complementation lines (Liu et al. 2019), a general effect of
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increased SHMT1 protein abundance on g, can be rather
excluded. Nevertheless, guard cell-specific manipulations
should be tested in the future, given active photorespiration
in these specialized cells seems important for proper stoma-
tal movements (Sun et al. 2025, 2026).

The described gas exchange trends persisted under both
reduced (10% O,) and elevated (40% O,) oxygen concen-
trations, which impose decreased and increased photores-
piratory pressure, respectively (Fig. 2A-F). Furthermore,
oxygen inhibition of A, and the slope of the O,-versus-I"
relationship (y), a parameter reflecting additional CO,
release via photorespiration (Cousins et al. 2011), were com-
parable across all genotypes (Fig. 2A, B, insets). Together
with the unchanged growth performance described in the
preceding section, these gas-exchange data reinforce the
conclusion that SHMT1 does not limit the protection of
photosynthesis by photorespiration in Arabidopsis under the
tested conditions. Further, increasing SHMT1 protein levels
alone is insufficient to improve photosynthetic efficiency or
plant performance under standard or photorespiration-pro-
moting environments.

Optimizing photorespiratory flux through enzyme over-
expression at specific pathway steps, most notably PGLP1
and components of the GDC complex, has previously been
shown to reduce steady-state pools of detrimental photores-
piratory intermediates. These metabolic adjustments act as
a functional metabolic chassis that alleviates negative feed-
back inhibition on CO, fixation, particularly within CBB
cycle (Fernie and Bauwe 2020). In light of the absence of
growth stimulation and altered photosynthetic gas exchange
in SHMTI-overexpressing plants, we assessed whether
SHMT1 overexpression affected steady-state metabolite
profiles in Arabidopsis under both illuminated and dark
conditions.

In contrast to PGLP1- and GDC-overexpression trans-
genic lines (Timm et al. 2012, 2015, 2025; Fliigel et al.
2017), the abundances of selected photorespiratory interme-
diates remained largely unchanged in SHMTI-overexpress-
ing lines compared with wild-type plants (Fig. 3A). Under
both illumination and darkness, no consistent differences in
steady-state metabolite levels were detected, with the excep-
tion of a slight decrease in glycine abundance during the
night. Overall, these data indicate that increased SHMT1
protein abundance does not substantially alter photorespi-
ratory metabolite pools under the tested conditions, other
than decreased SHMT1 abundances did (Schjoerring et al.
2006). Given that several mutant studies have demonstrated
a close metabolic interconnection between photorespiration
and mitochondrial respiration, including the tricarboxylic
acid (TCA) cycle (Obata et al. 2016), we additionally ana-
lyzed representative intermediates of these pathways as well
as the associated metabolite y-aminobutyric acid (GABA).
Consistent with the photorespiratory metabolite profiles, no
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systematic alterations were observed among these primary
metabolites, apart from minor and inconsistent changes in
succinate levels (Fig. 3B). Likewise, the largely unchanged
abundances of five selected carbohydrates further support
the conclusion that SHMT1 overexpression does not induce
broader metabolic shifts (Fig. 3C) under standard labora-
tory conditions. Previous studies indicate that GDC may
operate below substrate saturation in vivo, allowing flex-
ible adjustment of photorespiratory flux to changing envi-
ronmental conditions (Heineke et al. 2001). In this context,
efficient removal of reaction products such as NADH and
ammonia has been suggested to play an important role in
sustaining high rates of glycine decarboxylation (Bykova
et al. 2014). Consistent with this view, enzymes involved

0.
21 40 10 21 40

C

bb

c,ic,

0, concentration (%)

in mitochondrial redox balancing, such as mitochondrial
malate dehydrogenase (mMDH), may contribute to main-
taining photorespiratory activity (Lindén et al. 2016). These
considerations provide a possible explanation for our obser-
vation that increasing SHMT1 abundance alone does not
significantly affect photorespiratory flux, suggesting that this
enzyme is present already in excess capacity.
Nevertheless, our metabolomic data demonstrate that
additional SHMT1 supply is metabolically well toler-
ated in Arabidopsis. The absence of coordinated changes
in photorespiratory, respiratory, or carbohydrate metabo-
lism further supports the conclusion that SHMT1 does
not represent a flux-limiting step in photorespiration under
standard growth conditions, during either illumination or
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Fig.3 Metabolite accumulation patterns in FpS overexpression lines »

in comparison with the wild type. Metabolite abundances (relative
values) were determined by GC-MS analysis at the end of the day
and night from all genotypes grown under standard growth conditions
to stage 5.1 (Boyes et al. 2001). Given are selected intermediates of:
A photorespiration; B the TCA cycle; C carbohydrate metabolism.
Shown are means +SD of six independent biological replicates. Val-
ues marked with an asterisk are significantly different from the wild
type at the same harvesting timepoint (the respective value was arbi-
trarily set to 1) as determined by Student’s ¢ test (P <0.05)

darkness. However, it remains possible that the importance
of SHMT1 may change under environmental stress, includ-
ing those directly affecting the need for a high photorespi-
ratory capacity. Conditions such as high light, drought, or
oxidative stress can challenge photorespiratory activity and
alter the subcellular redox balance, potentially increasing the
demand for mitochondrial glycine-to-serine conversion and
the biosynthesis of one-carbon moieties. In addition, while
SHMT]1 functions primarily in the mitochondrial photores-
piratory pathway of photosynthetic tissues, other SHMTS in
other subcellular compartments and tissues, including roots,
also participate in one-carbon metabolism and amino acid
interconversion (Nogués et al. 2022). Further systematic
studies will be required to determine whether modulation
of SHMT abundance could influence metabolism under such
conditions.

Conclusion

Although photorespiration is energetically costly, it is an
essential metabolic repair pathway tightly integrated into
oxygenic photosynthesis and plant primary metabolism.
Numerous studies demonstrate a strong positive relation-
ship between photorespiratory flux capacity, photosynthetic
CO, assimilation, and biomass accumulation, with reduced
flux impairing and enhanced flux stimulating plant growth.
Key enzymes such as PGLP1 and GDC have previously
been identified as major control points of this pathway. In
contrast, our results indicate that mitochondrial SHMT1,
although indispensable for photorespiratory function and
closely functional cooperating with GDC, is not limiting
for photorespiratory flux under standard growth conditions
in Arabidopsis. A moderate (~ 1.3—threefold) increase in
SHMT1 abundance did not improve growth, photosynthe-
sis, and metabolite turnover, suggesting that endogenous
SHMT1 levels are sufficient in wild-type plants. However,
SHMTI1 capacity may become limiting in genetic back-
grounds with strongly enhanced photorespiratory flux,
such as lines with elevated GDC activity, or environmental
stresses, highlighting potential context-dependent control
within the pathway.

@ Springer

Photorespiration

(b)

TCA-cycle

~
<]
~—

Carbohydrates

End of Day End of Night
]| Col-0
FpS-L1
Glycolate FpS-L2
FpS-L3
*E ;
3-OH-Pyr
Glycerate E E
15 1.0 05 0 0 1 2
Citrate — E‘
: *g
2-0xog|utarateE E
Succinate E E*
*
- o

i
f

N
-
°_
o_
-
N
w

]
%

Maltose

i

Raffinose

[

Sucrose

i

Trehalose

I
UL

15 1.0 05 0 0 05 1.0 1.5
Relative change in fold




Planta (2026) 263:114

Page70f8 114

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00425-026-04989-x.

Acknowledgements We wish to thank Kathrin Jahnke for excellent
technical assistance and Martin Hagemann (both at University of Ros-
tock) for critically reading of the manuscript.

Author contributions S.T. and H.B. conceptualized and designed the
experiments. S.T. and A.F. performed the experiments and data analy-
sis. A.R.F. provided the metabolite analysis platform. S.T. wrote the
manuscript, with revisions made by A.R.F. and H.B. All authors read
and approved the final manuscript.

Funding Open Access funding enabled and organized by Pro-
jekt DEAL. This work was supported by grants from the Deutsche
Forschungsgemeinschaft (DFG; Promics Photorespiration Network,
FOR 1186) to ARF and HB.

Data availability All data are available in the manuscript. Raw data will
be available on request from the corresponding author.

Declarations

Conflict of interest Authors declare that there is no competing finan-
cial or personal interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bauwe H (2023) Photorespiration—Rubisco’s repair crew. J Plant Phys-
iol 280:153899

Boyes DC, Zayed AM, Ascenzi R, McCaskill AJ, Hoffman NE, Davis
KR, Gorlach J (2001) Growth stage-based phenotypic analysis of
Arabidopsis: a model for high throughput functional genomics in
plants. Plant Cell 13:1499-1510

Busch FA (2020) Photorespiration in the context of Rubisco biochem-
istry, CO, diffusion and metabolism. Plant J 101:919-939

Bykova NV, Mgller IM, Gardestrom P, Igamberdiev AU (2014) The
function of glycine decarboxylase complex is optimized to main-
tain high photorespiratory flux via buffering of its reaction prod-
ucts. Mitochondrion 19:357-364

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agro-
bacterium-mediated transformation of Arabidopsis thaliana. Plant
J16:735-743

Cousins AB, Walker BJ, Pracharoenwattana I, Smith SM, Badger MR
(2011) Peroxisomal hydroxypyruvate reductase is not essential for
photorespiration in Arabidopsis but its absence causes an increase
in the stoichiometry of photorespiratory CO, release. Photosynth
Res 108:91-100

Cui LL, Lu YS, Li Y, Yang C, Peng XX (2016) Overexpression of gly-
colate oxidase confers improved photosynthesis under high light
and high temperature in rice. Front Plant Sci 7:1165

Fernie AR, Bauwe H (2020) Wasteful, essential, evolutionary stepping
stone? The multiple personalities of the photorespiratory pathway.
Plant J 102:666-677

Fliigel F, Timm S, Arrivault S, Florian A, Stitt M, Fernie AR, Bauwe H
(2017) The photorespiratory metabolite 2-phosphoglycolate regu-
lates photosynthesis and starch accumulation in Arabidopsis. Plant
Cell 29:2537-2551

Foyer CH, Bloom AJ, Queval G, Noctor G (2009) Photorespiratory
metabolism: genes, mutants, energetics, and redox signaling.
Annu Rev Plant Biol 60:455-484

Gashu K, Kaste JAM, Roje S, Walker BJ (2025) Metabolic flux analysis
in leaf metabolism quantifies the link between photorespiration
and one carbon metabolism. Nat Plants 11:1877-1889

Heineke D, Bykova N, Gardestrom P, Bauwe H (2001) Metabolic
response of potato plants to an antisense reduction of the P-pro-
tein of glycine decarboxylase. Planta 212:880-887

Hellens RP, Edwards EA, Leyland NR, Bean S, Mullineaux PM
(2000) pGreen: a versatile and flexible binary Ti vector for
Agrobacterium-mediated plant transformation. Plant Mol Biol
42:819-832

LiZ, Wang M, Bai H, Wang H, Han J, An L, Luo D, Wang Y, Kuang
W, Nie X, Bai L (2024) Serine hydroxymethyl transferase is a
binding target of caprylic acid: uncovering a novel molecular tar-
get for a herbicide and for producing caprylic acid-tolerant crops.
Elife 13:RP94853

Lindén P, Keech O, Stenlund H, Gardestrom P, Moritz T (2016)
Reduced mitochondrial malate dehydrogenase activity has a
strong effect on photorespiratory metabolism as revealed by '*C
labelling. J Exp Bot 67:3123-3135

Lisec J, Schauer N, Kopka J, Willmitzer L, Fernie AR (2006) Gas
chromatography mass spectrometry-based metabolite profiling in
plants. Nat Protoc 1:387-396

Liu Y, Mauve C, Lamothe-Sibold M, Guérard F, Glab N, Hodges M,
Jossier M (2019) Photorespiratory serine hydroxymethyltrans-
ferase 1 activity impacts abiotic stress tolerance and stomatal
closure. Plant Cell Environ 42:2567-2583

Moreno JI, Martin R, Castresana C (2005) Arabidopsis SHMTI, a
serine hydroxymethyltransferase that functions in the photorespi-
ratory pathway influences resistance to biotic and abiotic stress.
Plant J 41:451-463

Nogués I, Sekula B, Angelaccio S, Grzechowiak M, Tramonti A, Con-
testabile R, Ruszkowski M (2022) Arabidopsis thaliana serine
hydroxymethyltransferases: functions, structures, and perspec-
tives. Plant Physiol Biochem 187:37-49

Obata T, Florian A, Timm S, Bauwe H, Fernie AR (2016) On the meta-
bolic interaction of (photo)respiration. J Exp Bot 67:3003-3014

Schjoerring JK, Mick G, Nielsen KH, Husted S, Suzuki A, Driscoll S,
Boldt R, Bauwe H (2006) Antisense reduction of serine hydroxy-
methyltransferase results in diurnal displacement of NH,* assimi-
lation in leaves of Solanum tuberosum. Plant J 45:71-82

Smith EN, van Aalst M, Weber APM, Ebenhoh O, Heinemann M
(2025) Alternatives to photorespiration: a system-level analy-
sis reveals mechanisms of enhanced plant productivity. Sci Adv
11:eadt9287

South PF, Cavanagh AP, Lopez-Calcagno PE, Raines CA, Ort DR
(2018) Optimizing photorespiration for improved crop produc-
tivity. J Integr Plant Biol 60:1217-1230

Stockhaus J, Schell J, Willmitzer L (1989) Correlation of the expres-
sion of the nuclear photosynthetic gene ST-LS1 with the presence
of chloroplast. EMBO J 8:2445-2451

Sun H, Schmidt N, Lawson T, Hagemann M, Timm S (2025)
Guard cell-specific glycine decarboxylase manipulation affects

@ Springer


https://doi.org/10.1007/s00425-026-04989-x
http://creativecommons.org/licenses/by/4.0/

114 Page8o0f8

Planta (2026) 263:114

Arabidopsis photosynthesis, growth and stomatal behavior. New
Phytol 246:2102-2117

Sun H, Thiemann I, Schmidt N, Kromdijk J, Lawson T, Hagemann
M, Timm S (2026) Guard cell photorespiration controls stomata
behavior and development. New Phytol. https://doi.org/10.1111/
nph.71137

Timm S, Florian A, Jahnke K, Nunes-Nesi A, Fernie AR, Bauwe H
(2011) The hydroxypyruvate-reducing system in Arabidopsis:
Multiple enzymes for the same end. Plant Physiol 155:694-705

Timm S, Florian A, Arrivault S, Stitt M, Fernie AR, Bauwe H (2012)
Glycine decarboxylase controls photosynthesis and plant growth.
FEBS Lett 586:3692-3697

Timm S, Wittmifl M, Gamlien S, Ewald R, Florian A, Frank M, Wirtz
M, Hell R, Fernie AR, Bauwe H (2015) Mitochondrial dihydroli-
poyl dehydrogenase activity shapes photosynthesis and photores-
piration of Arabidopsis thaliana. Plant Cell 27:1968-1984

Timm S, Giese J, Engel N, Wittmif3 M, Florian A, Fernie AR, Bauwe H
(2018) T-protein is present in large excess over the other proteins
of the glycine cleavage system in leaves of Arabidopsis. Planta
247:41-51

@ Springer

Timm S, Florian A, Alseekh S, Jahnke K, Hagemann M, Fernie AR,
Bauwe H (2025) Improved photorespiration has a major impact
on the root metabolome of Arabidopsis. Physiol Plant 177:70142

Voll LM, Jamai A, Renné P, Voll H, McClung CR, Weber AP (2006)
The photorespiratory Arabidopsis shml mutant is deficient in
SHM1. Plant Physiol 140:59-66

Xu H, Wang H, Zhang Y, Yang X, Lv S, Hou D, Mo C, Wassie M,
Yu B, Hu T (2023) A synthetic light-inducible photorespiratory
bypass enhances photosynthesis to improve rice growth and grain
yield. Plant Commun 202(4):100641

Zhang J, Li M, Bryan AC et al (2019) Overexpression of a serine
hydroxymethyltransferase increases biomass production and
reduces recalcitrance in the bioenergy crop Populus. Sustain
Energy Fuels 3:195-207

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/nph.71137
https://doi.org/10.1111/nph.71137

	Arabidopsis photorespiration is not limited by mitochondrial serine hydroxymethyltransferase 1
	Abstract
	Main conclusion 
	Abstract 

	Introduction
	Materials and methods
	Overexpression construct, transformation, and plant growth
	Validation of transgenic lines, RT-PCR, and immunoblot analysis
	Measurements of photosynthetic parameters
	Metabolite profiling
	Statistical analysis

	Results and discussion
	Conclusion
	Acknowledgements 
	References




