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Plant NADPH-dependent glyoxylate/succinic semialdehyde reductases 1 and 2
(cytosolic GLYR1 and plastidial/mitochondrial GLYR2) are considered to be of particular
importance under abiotic stress conditions. Here, the apple (Malus × domestica Borkh.)
and rice (Oryza sativa L.) GLYR1s and GLYR2s were characterized and their kinetic
properties were compared to those of previously characterized GLYRs from Arabidopsis
thaliana [L.] Heynh. The purified recombinant GLYRs had an affinity for glyoxylate
and succinic semialdehyde, respectively, in the low micromolar and millimolar ranges,
and were inhibited by NADP+. Comparison of the GLYR activity in cell-free extracts
from wild-type Arabidopsis and a glyr1 knockout mutant revealed that approximately
85 and 15% of the cellular GLYR activity is cytosolic and plastidial/mitochondrial,
respectively. Recovery of GLYR activity in purified mitochondria from the Arabidopsis
glyr1 mutant, free from cytosolic GLYR1 or plastidial GLYR2 contamination, provided
additional support for the targeting of GLYR2 to mitochondria, as well as plastids.
The growth of plantlets or roots of various Arabidopsis lines with altered GLYR activity
responded differentially to succinic semialdehyde or glyoxylate under chilling conditions.
Taken together, these findings highlight the potential regulation of highly conserved plant
GLYRs by NADPH/NADP+ ratios in planta, and their roles in the reduction of toxic
aldehydes in plants subjected to chilling stress.

Keywords: abiotic stress, aldehyde detoxification, mutants, overexpression, redox homeostasis, substrate
promiscuity

INTRODUCTION

Under stress conditions such as chilling, drought and salinity, toxic aldehydes can accumulate in
plants and interact with DNA, lipids and proteins, or influence the transcription of stress-related
genes, thereby causing cellular and developmental problems (Weber et al., 2004; Kotchoni et al.,
2006; Yamauchi et al., 2011; Mano, 2012; Biswas and Mano, 2015; Srivastava et al., 2017; see
references therein). Altering activities of enzymes that modify the aldehyde chemical grouping has
been shown to affect plant tolerance to various stresses (Oberschall et al., 2000; Bouché et al., 2003;
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Sunkar et al., 2003; Zarei et al., 2016), indicating that
detoxification of aldehydes is important for maintaining plant
health.

Succinic semialdehyde (SSA) is a mitochondrially generated
intermediate in the metabolism of 4-aminobutyrate (GABA),
which accumulates in response to abiotic stresses (Bown and
Shelp, 1997; Shelp et al., 1999; Kinnersley and Turano, 2000).
SSA is typically oxidized to succinate via SSA dehydrogenase
(Tuin and Shelp, 1994; Bouché et al., 2003), but evidence is
available for the generation of 4-hydroxybutyrate (GHB) from
SSA in response to hypoxia, high light, salinity, drought and
chilling (Allan et al., 2003, 2008, 2012; Breitkreuz et al., 2003; Fait
et al., 2005). Glyoxylate can be generated in various subcellular
compartments and biochemical processes: the peroxisome during
the photorespiratory or non-photorespiratory synthesis of serine
(Bauwe et al., 2010; Hoover et al., 2013; Ros et al., 2014); the
glyoxysome during fatty acid catabolism (Kunze et al., 2006); the
cytosol during the interconversion of organic acids (Eprintsev
et al., 2015); and the endoplasmic reticulum during purine
catabolism (Werner and Witte, 2011). Glycolate, the precursor
of glyoxylate in photorespiration, is known to accumulate under
hypoxic conditions, and both glycolate and glyoxylate accumulate
with the suppression of glycolate oxidase (Narsai et al., 2009; Lu
et al., 2014).

Several mechanisms can be involved in the detoxification of
glyoxylate: transamination to glycine (e.g., GABA transaminase);
decarboxylation to formate; oxidation to oxalate; and, reduction
to glycolate (Givan and Kleczkowski, 1992; Bauwe et al., 2010;
Peterhansel et al., 2010; Shelp et al., 2012a; Igamberdiev and
Eprintsev, 2016; see references therein). Our laboratory has
biochemically characterized two NADPH-dependent glyoxylate
reductases (EC 1.1.1.79) from Arabidopsis thaliana (L.) Heynh.
(GLYR1, GenBank accession no. AAK94781; GLYR2, (GenBank
accession no. AAP42747) that efficiently convert glyoxylate
into glycolate (Hoover et al., 2007a,b; Simpson et al., 2008).
Notably, they also convert SSA into GHB, albeit with lower
catalytic efficiency than for the glyoxylate to glycolate conversion
(2–12 vs. 660–2870 s−1 mM−1, see Table 1 for additional
information), and constitutive expression of AtGLYR1 in an
SSA dehydrogenase-deficient yeast enables growth on 20 µM
GABA and significantly enhances cellular GHB levels (Breitkreuz
et al., 2003). Furthermore, glyr1 and glyr2 single mutants of
Arabidopsis accumulate less GHB with submergence stress than
the wild-type (WT) (Allan et al., 2012). A gaba transaminase/ssa
dehydrogenase double mutant of Arabidopsis accumulates both
SSA and GHB, and is more sensitive to exogenous SSA or
GHB than WT plants (Ludewig et al., 2008). Both WT and
glyr1/2 double mutants of Arabidopsis are more sensitive to
exogenous SSA than GHB under ambient conditions, suggesting
that GHB accumulation in ssa dehydrogenase mutants and
during abiotic stress is a response for avoiding SSA toxicity
(Mekonnen and Ludewig, 2016). Further research is required
to establish whether a differential phenotype is associated
with the glyr1/glyr2 double mutants under abiotic stress
conditions.

Arabidopsis GLYR1 and GLYR2 activities have strong affinity
for NADPH (Km = 1.2–2.6 µM; see Table 1 for additional

information), regardless of whether glyoxylate or SSA is the
substrate, and AtGLYR1 is known to be competitively inhibited
by NADP+ (Hoover et al., 2007a,b; Simpson et al., 2008). The
ratio of NADPH/NADP+ in mature leaves of Arabidopsis and
tobacco increases from approximately 2 to 3–5 with submergence
and heat stresses, and to 8 with chilling (Allan et al., 2008). In
the absence of applied stress, the NADPH/NADP+ ratio in an
NAD KINASE1 overexpression line of Arabidopsis is increased
by threefold, and there is a corresponding increase in GHB
accumulation (Allan et al., 2012).

Arabidopsis GLYR1 and GLYR2 are moderately expressed
throughout the plant, including roots and imbibed seed, but
GLYR2 expression is more highly associated than GLYR1
with rosette leaves, which are known to highly express
photorespiratory genes (Foyer et al., 2009; Shelp et al., 2012b).
With the exception of two studies (Allan et al., 2008, 2012),
there is little evidence for the stress-induced expression of GLYRs
(Shelp et al., 2012b; Zarei et al., 2017; see references therein).
Furthermore, transient GHB accumulation in cold-acclimated
Arabidopsis plants (Kaplan et al., 2007) and rice seed germinated
under hypoxia (Narsai et al., 2009) seems to be independent of
GLYR expression (see Shelp et al., 2012b). Overall, these in vitro
and in planta studies support the operation and redox regulation
of glyoxylate- and SSA-dependent GLYR activities under abiotic
stress conditions, as suggested previously (Allan et al., 2008,
2012).

Early research indicated that NADPH-dependent GLYR
activity is located in both cytosol and plastids (Givan et al.,
1988; also see review by Givan and Kleczkowski, 1992). Recently,
Simpson et al. (2008), Ching et al. (2012), Brikis et al. (2017)
established, using various transient and stable expression systems,
in combination with appropriate organelle markers, that GLYR1s
from apple (Malus × domestica Borkh.) and rice (Oryza sativa
L.), as well as Arabidopsis, are exclusively cytosolic, whereas the
GLYR2s are localized to both mitochondria and plastids. Apple
and rice GLYRs have not yet been biochemically characterized.

In the present study, we demonstrated that: (i) GLYRs from
apple and rice, like those from Arabidopsis, display higher affinity
and catalytic efficiency for glyoxylate than for SSA; (ii) the
activity of apple GLYRs is inhibited by NADP+; (iii) the growth
of plantlets or roots of various Arabidopsis lines with altered
GLYR activity respond differentially to exogenous SSA, GHB or
glyoxylate under chilling conditions; and (iv) approximately 85
and 15% of the total GLYR activity in Arabidopsis is present in the
cytosol and plastids/mitochondria, respectively. Taken together,
these findings highlight the potential roles of GLYRs in the
reduction of toxic aldehydes within distinct compartments of the
plant cell during exposure to chilling conditions.

MATERIALS AND METHODS

Plant Material, and Gene Expression and
Southern Analysis
Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-0) was
the genetic background for the WT and all transgenic/mutant
lines. Seeds were sterilized in a closed container using a
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TABLE 1 | Comparison of the kinetic parameters for purified recombinant GLYRs from apple, rice, and Arabidopsis.

Varied Fixed Km Vmax kcat kcat/Km

substrate substrate µM µmol min−1 s−1 s−1 mM−1

mg−1 protein

MdGLYR1

Glyoxylate NADPH 14.1± 2.1 54.7± 6.7 30.9± 3.8 2230 ± 153

NADPH Glyoxylate 3.3± 0.5 39.4± 6.1 22.3± 3.4 6803 ± 278

SSA NADPH 1133 ± 273 8.1± 2.9 4.6± 1.6 5.1 ± 2.3

NADPH SSA 7.4± 1.9 9.8± 1.0 5.5± 0.6 832 ± 166

MdGLYR2

Glyoxylate NADPH 23.9± 1.9 34.3± 3.7 19.1± 2.1 796 ± 33

NADPH Glyoxylate 1.8± 0.5 28.2± 2.7 15.7± 1.5 10070 ± 2275

SSA NADPH 6500 ± 327 18.6± 3.4 10.3± 1.9 1.6 ± 0.2

NADPH SSA 11.7± 3.5 15.5± 1.5 8.6± 0.9 833 ± 183

OsGLYR1

Glyoxylate NADPH 53.2± 11.1 65.8± 16.5 33.7± 7.5 636 ± 99

NADPH Glyoxylate 8.8± 2.5 28.5± 5.9 14.2± 2.9 1729 ± 201

SSA NADPH 4003 ± 341 43.9± 8.5 21.9± 4.2 5.4 ± 0.9

NADPH SSA 36.2± 2.1 21.4± 5.0 10.7± 2.5 290 ± 51

OsGLYR2

Glyoxylate NADPH 19.1± 9 18.6± 7.9 10.8± 4.6 349 ± 16

NADPH Glyoxylate 8.4± 1.2 15.3± 2.9 8.9± 1.7 1040 ± 73

SSA NADPH 1457 ± 124 12.4± 3.5 7.2± 2.0 5.1 ± 1.8

NADPH SSA 12.5± 0.6 11.3± 0.3 6.5± 0.2 525 ± 40

AtGLYR1

Glyoxylate NADPH 23.2± 3.2 56.7± 5.6 28.4± 2.8 1259 ± 188

Glyoxylate1 NADPH 4.5± 0.9 15.2± 2.3 13.1± 1.9 2870 ± 453

NADPH1 Glyoxylate 2.2± 0.3 21.6± 2.4 9.3± 0.1 4370 ± 446

SSA1 NADPH 870 ± 40 23.5± 1.5 10.1± 0.4 11.6 ± 2.2

NADPH1 SSA 2.6± 0.1 18.8± 3.3 8.1± 0.0 3500 ± 208

AtGLYR2

Glyoxylate NADPH 19.3± 4.0 36.8± 19.9 18.4± 10.0 906 ± 353

Glyoxylate2 NADPH 34.2± 3.3 40.6± 8.7 22.5± 4.8 660 ± 130

NADPH2 Glyoxylate 1.4± 0.2 23.0± 2.2 12.0± 0.8 8550 ± 960

SSA2 NADPH 8960 ± 710 30.7± 4.0 17.0± 2.2 1.9 ± 0.3

NADPH2 SSA 1.2± 0.2 19.3± 1.5 10.7± 0.8 9180 ± 1620

Data from this study were collected using a Spectramax Plus384 Absorbance Microplate Reader and represent the mean ± SE of two (Arabidopsis) or three (apple and
rice) enzyme preparations. The Vmax values obtained with glyoxylate and NADPH or SSA and NADPH were not influenced by whether the substrate or co-factor was
varied or fixed, as indicated by a t-test with P = 0.05 as the significance threshold. Previously published data were collected using a Cary 300 double-beam absorption
spectrophotometer (1Hoover et al., 2007a; 2Simpson et al., 2008) and represent the mean ± SE of three enzyme preparations.

3–4 h exposure to vaporized chlorine gas1. Sterilized seeds
were typically grown as a lawn on Petri plates containing
half-strength Murashige and Skoog medium (Murashige and
Skoog, 1962) with 0.7% agar and appropriate antibiotic for
selection of transgenic plants. Following stratification of the
seeds for 3 days at 4◦C, the plates were transferred to a
controlled environment chamber (Enconair, Winnipeg, Canada)
and supplied with a 16-h light (Sylvania Model 3500K) period
at 60 µmol s−1 m−2 at 23◦C and an 8-h dark period at
21◦C.

Total RNA was extracted from 100 to 1000 mg of liquid
N2-frozen Arabidopsis rosette leaves (Zarei et al., 2011), rice
(O. sativa L.) leaves (Brauer et al., 2011) and mature apple
(Malus × domestica Borkh.) fruit (Gasic et al., 2004). RNA

1http://plantpath.wisc.edu/~afb/vapster.html

was treated with DNase I using the TURBO DNA-free kit
(Applied Biosystems, Austin, TX, United States) according to the
manufacturer’s manual. One microgram total RNA was used for
first-strand cDNA synthesis with Oligo(dT)20 and Superscript III
(Invitrogen, Carlsbad, CA, United States) at 50◦C according to
the manufacturer’s protocol. Primers used for quantitative real-
time PCR (qPCR) analyses were designed using Primer Express 3
software (Applied Biosystem, Austin TX, United States). Primers
with 90–105% efficiency were selected for further analysis.

Quantitative PCR was performed according to standard
methods with an iQ5 Multicolor Real-Time PCR Detection
system (Bio-Rad Laboratories). The primer sequences
used to determine the abundance of GLYR1, GLYR2 and
housekeeping transcripts are listed in Supplementary Table S1
(RTAtGLYR1-F/R, RTAtGLYR2-F/R, RTAtEF-1-F/R, and
18S rRNA- F/R). The housekeeping gene ELONGATION
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FACTOR-1α (EF-1α, At5g60390) was chosen based on the
research by Czechowski et al. (2005). Relative expression
and data analysis were determined using the 2−1Ct method
(Livak and Schmittgen, 2001). Two technical replicates were
conducted for each biological replicate, and the mean ± SE
of three biological replicates was determined for each
genotype.

The presence and copy number of transgene inserts in
GLYR1 overexpression (Ox) lines were determined by Southern
hybridization as described by McLean et al. (2003). Genomic
DNA was isolated as described by Montiel et al. (2011). About
5 µg of genomic DNA was digested with NcoI, separated on a
1% (w/v) agarose gel, and transferred to a positively charged
nylon membrane (Roche Applied Science, Laval, QC, Canada).
The membrane was probed, processed, and labeled bands were
detected according to digoxigenin (DIG)-labeling kit protocols
(Roche Applied Science). The probe was generated by PCR from
the cDNA using Probe-GLYR1-F and Probe-GLYR1-R primers
(Supplementary Table S1) in the presence of DIG-deoxy-uridine
triphosphate. The forward primer flanked an intron/exon
boundary in the GLYR1 gene to prevent GLYR1 genomic
DNA amplification during probe synthesis. Hybridization
was performed with a DIG-labeled probe according to the
most stringent hybridization protocols of the manufacturer
(Roche Applied Science). The membrane was exposed under
a Fluorchem 8800 Imaging System (Alpha Innotech Inc.,
Miami, FL, United States) for 16 min to visualize labeled
bands.

Cloning of cDNAs Encoding Apple and
Rice GLYRs and Arabidopsis GLYR2
The predicted amino acid sequences of Arabidopsis GLYR1
(At3g25530, GenBank Acc. No. NM_113449) and GLYR2
(At1g17650, GenBank Acc. no. NM_101628) were obtained
from The Arabidopsis Information Resource2. A truncated
AtGLYR2 lacking its N-terminal 58 amino acid-long predicted
plastid targeting sequence (AtGLYR2158) was amplified from
the Arabidopsis cDNA using primers VB-F4 and VB-R4 and
cloned into pET15b using NdeI and BamHI restriction enzymes
to yield pET15b-AtGLYR2158 construct. All primer sequences
used to clone the various genes are listed in Supplementary
Table S1. When expressed, the truncated AtGLYR2 possesses
an N-terminal 6×His tag for purification. The AtGLYR1
expression construct was made elsewhere (Hoover et al.,
2007b).

Two apple GLYRs were identified in the apple genome
database3. Two products (958- and 1166-bp), designated as
MdGLYR1 (GenBank Acc No. KT202799) and MdGLYR2
(GenBank Acc No. KT202800), respectively, were amplified from
apple fruit cDNA cv. Empire and appropriate primers (CT-
F12 and CT-R12 for the MdGLYR1 gene, and CT-F13 and
CT-R13 for the MdGLYR2 gene). The resulting open reading
fragments (ORF) were cloned into pCR2.1-TOPO (Invitrogen).
The predicted translation products are 58% identical to each

2https://www.arabidopsis.org/index.jsp
3www.rosaceae.org

other. MdGLYR1 is 80% identical to AtGLYR1, and MdGLYR2
is 78% identical to AtGLYR2. The primers CT-F17 and CT-
R17 were used to amplify MdGLYR1 with 5′ NdeI and 3′
BamHI restriction sites. TargetP4 (v1.1; Emanuelsson et al., 2000)
predicted that MdGLYR2 has an N-terminal 52 amino acid
plastid targeting sequence. The primers CT-F20 and CT-R20
were used to amplify the MdGLYR2 ORF minus the sequence
encoding the putative N-terminal plastid transit peptide with 5′
NdeI and 3′ BamHI restriction sites. Both sets of PCR products
were digested with NdeI and BamHI and ligated into pET15b
expression vector (Novagen, Cambridge, MA, United States) to
produce pET15b-MdGLYR1 and pET15b-MdGLYR2154. When
expressed, the truncated MdGLYR2 possesses an N-terminal
6×His tag.

The AtGLYR1 and AtGLYR2 cDNAs were blasted against the
rice genome annotation project5 to reveal two full-length cDNA
sequences, LOC_Os02g35500 and LOC_Os01g39270, which are
81 and 65% identical to AtGLYR1 and AtGLYR2, respectively.
These sequences were designated as putative OsGLYR1 and
OsGLYR2, respectively. Full-length OsGLYR1 and OsGLYR2 were
amplified from the rice cv. Kaybonnet cDNA using forward
and reverse primers, VB-F1 and VB-R1 for OsGLYR1, and
VB-F2 and VB-R2 for OsGLYR2. TargetP (v1.14; Emanuelsson
et al., 2000) predicted that OsGLYR2 contains an N-terminal
35 amino acid-long plastid targeting sequence. The primers
VB-F3 and VB-R2 were used to amplify OsGLYR2, minus the
sequence encoding the protein’s putative plastid transit peptide.
The last two sets of PCR products were cloned into pET15b
with NdeI and BamHI enzymes to yield pET15b-OsGLYR1
and pET15b-OsGLYR2135. When expressed, the truncated
OsGLYRs possess an N-terminal 6×His tag for purification. All
GLYR genes PCR-amplified from cDNAs were sequenced after
cloning.

Production, Purification and Kinetic
Analysis of Recombinant Apple, Rice and
Arabidopsis GLYRs
The constructs pET15b-MdGLYR1 and pET15b-MdGLYR2154
were individually expressed in Escherichia coli BL-21(DE3)
Rosetta (pLysS) cells (Novagen) co-expressing the GroES/GroEL
chaperone complex, and the resulting soluble recombinant
proteins were subjected to affinity chromatography on a
Ni2+ column essentially as described previously (Clark et al.,
2009). Also, the pET15b-AtGLYR1, pET15b-AtGLYR2158,
pET15b-OsGLYR1, and pET15b-OsGLYR2135 constructs
were expressed in E. coli BL-21(DE3) cells (Novagen) and
the recombinant proteins purified as described in Hoover
et al. (2007a). Each eluted protein was precipitated with
80% (w/v) ammonium sulfate, stored at −80◦C, and the
pellet was resuspended, as necessary, in 100 µL of reaction
buffer [50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 10% sorbitol (w/v), pH 7.8 for AtGLYR1 and
AtGLYR2, pH 7.5 and 7.3 for MdGLYR2 and MdGLYR2,

4http://www.cbs.dtu.dk/services/TargetP/
5http://rice.plantbiology.msu.edu/
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and pH 6.5 and 7.1 for OsGLYR1 and OsGLYR2135,
respectively].

Enzymatic activity was monitored as the oxidation of
NAD(P)H at room temperature using a Spectramax Plus384
Absorbance Microplate Reader (Molecular Devices, Sunnyvale,
CA, United States). The 250-µL assay was initiated with a pre-
made master mix of buffer, co-factor and substrate. Reaction
rates were proportional to the enzyme concentrations used in
the assays (2–50 nM). The optimal pH for enzymatic activity at
50 µM NADPH and 50 µM glyoxylate was determined using
buffers (50 mM each) with overlapping pH range [2-morpholino-
ethanesulfonic acid (MES) for pH 5.5–6.8; HEPES for pH 6.8–8.2;
and N-tris(hydroxymethyl)methyl-4-aminobutanesulfonic acid
(TABS) for pH 8.2–9.6]. Initially, the three buffers were tested
separately for the apple isoforms, then they were combined for
rice. The influence of redox ratio on the activities of MdGLYR1
and MdGLYR2 was investigated using 50 µM glyoxylate, 50 µM
NADPH and 0–0.5 mM NADP+. The kinetic parameters (Vmax,
Km, kcat, kcat/Km) for the purified enzymes were determined
using a mixture of the MES, HEPES, and TABS (50 mM each)
at the pH optimum for the enzyme source under consideration,
with saturating co-factor (50 µM NADPH) and varying substrate
(up to 200 µM glyoxylate or 10 mM SSA) or varying co-factor
(up to 100 µM NADPH) and saturating substrate (50 µM
glyoxylate or 3.75–10 mM SSA) as described previously (Hoover
et al., 2007a). For each enzyme source the concentration of
substrate or co-factor was varied to give five to six data
points both above and below the Km. The dependence of
enzymatic activity on pH or redox ratio was determined as
the mean ± SD of three to four technical measurements of
a typical enzyme preparation (i.e., one biological replicate),
whereas the kinetic parameters were expressed as the mean± SE
of three biological replicates, each measured using four technical
replicates.

Generation of Arabidopsis Lines with
Altered GLYR Expression
Arabidopsis glyr1 and glyr2 single mutants (Salk_057410 and
GK316D04, respectively) were twice backcrossed to the WT.
Plants homozygous for glyr1 T-DNA were identified using the
glyr1-RP and glyr1-LP primers for the WT allele, and LBb1.3
and glyr1-RP for T-DNA insertion (as recommended by the Salk
Institute). The primers were designed using the Salk iSECT tool
online software. Similarly, homozygous glyr2 was identified using
glyr2-RP and glyr2-LP primers for the WT allele, and GABI-
Kat T-DNA border primer and glyr2-RP for the T-DNA. The
double glyr1/glyr2 mutant was generated by crossing healthy
plants of the homozygous glyr1 and glyr2 single mutants.
With the exception of three to five closed flowers with white
petals on the main shoot of the mother plant, all flowers and
siliques were removed using scissors and forceps. The intact
flowers on the female parent were emasculated with the aid
of a dissecting microscope. Open flowers with yellow anthers
were removed from the male parent and brushed against the
stigmatic surface of carpels on the female parent. Female plants
were labeled and covered with porous plastic bags until fruit
maturity (approximately 4 weeks later). Screening of the T2

population was based on the gene-specific and T-DNA primers
given above.

Arabidopsis glyr1RNAi and glyr2 RNAi lines were generated
in glyr2 T-DNA and glyr1 T-DNA mutant backgrounds,
respectively. To prepare hairpin RNA constructs, a 233-bp
fragment (from +722 to +955 relative to the transcriptional
initiation site) for AtGLYR1 and a 382-bp fragment (from +630
to +1012) for AtGLYR2 were each amplified by PCR from
cDNA with the following primer pairs containing a LB clonase
site: Clonase-GLYR1-F/Clonase-GLYR1-R and Clonase-GLYR2-
F/Clonase-GLYR2-R, respectively. These amplified fragments
were separately cloned into the intermediate clonase vector
pDONR221, followed by assembling the fragments into a
gateway binary RNAi vector pB7GWIWG2 (II) by the LR
clonase site reaction6 (Karimi et al., 2002). The binary vectors
GLYR1-pB7GWIWG2(II) and GLYR2-pB7GWIWG2(II) were
introduced into Agrobacterium tumefaciens strain EHA105
according to Hood et al. (1993). The GLYR1 and GLYR2 RNAi
constructs were introduced, respectively, into the Arabidopsis
glyr2 and glyr1 T-DNA mutant backgrounds using the floral
dip method (Clough and Bent, 1998). Seeds were selected on
solid half-strength MS medium containing 20 mg L−1 Basta
(as a T-DNA selection marker) and 100 mg L−1 timentin (to
prevent Agrobacterium growth), and then 14-days-old plants
were transferred to Sunshine LC1 potting mix (Sun Gro
Horticulture, Canada) and placed in a controlled environment
growth chamber (Enconair Model GC8-2H set at 60 µmol s−1

m−2 photosynthetic photon flux density at 23◦C for 16 h and
no light at 21◦C for 8 h), where they were allowed to self-
pollinate and mature. T2 progenies were again selected on half-
strength MS medium containing Basta and then transferred
to LC1 potting mix. Thirty seedlings were separately screened
at the rosette stage for the GLYR1 and GLYR2 genes using
qPCR (Supplementary Figure S1); the primer sets are given in
Supplementary Table S1. Seeds of selected lines were collected for
further experiments.

For generation of AtGLYR1 overexpression (Ox) lines,
the full-length cDNA sequence for AtGLYR1 was amplified
using SpeI-GLYR1-F and SpeI-GLYR1-R primers and cloned
into a prepared pMdM7 binary vector (Ni et al., 1995)
and transformed into A. tumefaciens strain LB4404. Plant
transformation, transformant screening, tissue culture and
growth conditions were similar to above, except that seed were
selected on medium containing 50 mg L−1 kanamycin. The
three transgenic lines that were chosen for further analysis
had two to three times the GLYR1 transcript level of the
WT (Supplementary Figure S2). Assays of GLYR activity in
desalted cell-free leaf extracts with 50 µM glyoxylate and
NADPH (Simpson et al., 2008) revealed that two of the three
lines had 70–90% higher activity than the WT. Southern blot
analysis revealed weak signals, if at all, in the WT lane, perhaps
as a results of only partial binding between the unprocessed
endogenous gene and the probe. However, it was clear that
the two lines with highest GLYR activity carried two to three
copies, of the transgene. The line with the highest activity

6http://www.psb.ugent.be/gateway/
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and lowest transgene copy number was selected for further
experimentation.

Chilling Phenotype of Arabidopsis Lines
with Altered GLYR Expression
In preliminary chilling trials, five sterilized seeds from the
Arabidopsis WT and each of the GLYR1 Ox, glyr1/2 and glyr1/2-
RNAi lines were sown along the center of 14-cm Petri plates
containing half-strength MS medium with 0.6% (w/v) agar,
30 g L−1 sucrose, 1 mM MES (pH 5.8) and SSA or GHB (0–3 mM)
and then subjected to a stratification regime (3 days, 4◦C, dark).
Thereafter, the plates were stored vertically in a tissue culture
chamber under 12-h period at 22◦C for 12 days or 10◦C for
27 days (photosynthetic flux density of 60 µmol m−2 s−1). The
experimental design was completely randomized and comprised
of three plate replicates for each treatment.

In follow up trials, sterilized seeds from the WT and glyr1/2
and GLYR1 Ox lines were sown as a lawn on 150-mm Petri
plates containing half-strength MS medium with 0.6% (w/v)
agar, 30 g L−1 sucrose, and 1 mM MES (pH 5.8), subjected
to a stratification regime (3 days, 4◦C, dark), and then placed
in a tissue culture chamber (22◦C, 14 h light/18◦C, 10 h
dark, photosynthetic flux density of 120 µmol m−2 s−1) for
8 days. Seedlings from all three genotypes were placed along the
center of individual 14-cm plates containing the same medium
supplemented with glyoxylate (0–2 mM) or SSA (0–3 mM) and
the primary root apex was noted on the exterior surface of
the plate. Then the plates were stored vertically at 10◦C for
another 8 days and photographed. The gain in root growth was
estimated using ImageJ software7. The experimental design was
completely randomized and comprised of 10 plate replicates for
each treatment.

Distribution of GLYR Activity in
Cytosolic, Plastidial, and Mitochondrial
Fractions from Arabidopsis
Crude homogenates of rosette leaf tissue from 4-week-old
Arabidopsis WT or glyr1 mutant (grown as described above),
were prepared using the extraction medium [0.3 M sucrose,
25 mM Na4P2O7, 2 mM sodium ethylenediaminetetraacetate,
10 mM KH2PO4, 1% (w/v) polyvinylpyrrolidone-40, 1% bovine
serum albumin] described by Taylor et al. (2014). Then the
homogenates were sonicated for 10 s using a sonic dismembrator
(Fisher Scientific, Model 120), and pelleted by centrifugation.
The supernatants were desalted using Econo-Pac 10DG columns
(Bio-Rad) and assayed for GLYR activity with 50 µM glyoxylate
and NADPH. Intact mitochondria were also isolated from 50 g
of homogenized rosette tissue of the glyr1 mutant grown under
a 23◦C 11-h light (120 µmol m−2 s−1)/19◦C 13-h dark regime
according to Taylor et al. (2014). Briefly, the crude homogenate
was differentially centrifuged to give an organelle suspension,
which was then applied to a linear polyvinylpyrrolidone-40
gradient (0–4.4% v/v) in 28% (w/v) Percoll and centrifuged at
40,000 × g for 40 min. This enabled recovery of a white/pale

7http://rsbweb.nih.gov/ij/

brown mitochondrial band toward the bottom of the gradient
(separated from plastid thylakoid and peroxisomal fractions),
which was then concentrated and washed repeatedly using
differential centrifugation. Aliquots of the organelle suspension
and purified mitochondria fractions were sonicated, pelleted
by centrifugation, and desalted as described above. GLYR
activity was assayed with 50 µM glyoxylate and NADPH,
and mitochondrial fumarase and plastid phosphoribulokinase
were assayed as described previously (Taylor et al., 2014), with
the exception that the reaction volume was 250 µL and the
wavelength used for the fumarase assay was 240 nm (Puchegger
et al., 1990), rather than 340 nm as given.

RESULTS

Characterization of Recombinant Apple,
Rice, and Arabidopsis GLYRs
The predicted N-terminal targeting presequences in GLYR2s
from apple, rice, and Arabidopsis (Brikis et al., 2017)
were removed and the resulting truncated sequences (i.e.,
MdGLYR2154, OsGLYR2135, and AtGLYR2158), as well as
the corresponding full-length GLYR1s from the same three
plant species (i.e., MdGLYR1, OsGLYR1, and AtGLYR1),
were individually expressed in E. coli. This allowed for the
recovery of a significant portion of the recombinant GLYR2
proteins, similar to the GLYR1 proteins, in the corresponding
soluble fraction (Supplementary Figure S3). In all fractions
eluted from Ni2+-affinity columns, the recombinant protein
was purified to near homogeneity. Predicted protein masses
for MdGLYR1, MdGLYR2154, OsGLYR1, OsGLYR2135,
AtGLYR1, and AtGLYR2158 were 31.8, 33.1, 30.5, 31.4,
30.7, and 33.2 kDa, respectively. The mass of recombinant
AtGLYR2158 appeared slightly larger than predicted. The
scientific literature contains many examples of cytosolic proteins
that migrate during SDS polyacrylamide electrophoresis at
rates that are inconsistent with their molecular mass (see Shi
et al., 2012). While such “gel shifting” could be caused by single
amino acid substitutions, we repeatedly cloned and sequenced
the gene and prepared the recombinant AtGLYR2158 protein
with similar results. It is possible that interaction between
SDS and the mutant protein is modified by the presence of
the N-terminal 6×His motif. The activities of MdGLYR1and
OsGLYR1 were maximal at pH 6.8 and 6, respectively, although
both enzymes retained at least half of maximal activity over the
pH range of 5.5–7. The maximal activities of MdGLYR2 and
OsGLYR2 were found to be at approximately pH 6.8 and at least
50% of maximal activity was retained in the pH range of 6–8
(Figure 1).

In the present study, enzymatic activity for the various
recombinant proteins was determined using a microplate reader.
A preliminary study of glyoxylate-dependent activity in rice
GLYR1 revealed that 50 and 100 µM NADPH gave approximately
4.5 times the activity with corresponding levels of NADH (data
not shown); therefore, detailed NADH kinetics for both rice
and apple GLYRs were not determined here. The kinetic data
for the apple and rice proteins with NADPH as the co-factor
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FIGURE 1 | Dependence of recombinant apple and rice GLYR activities on
pH. The left and right panels, represent apple (A,B) and rice (C,D) GLYRs,
respectively, whereas the upper and lower panels represent GLYR1s (A,C)
and GLYR2s (B,D), respectively. The data, expressed as specific activity
(µmol min-1 mg-1 protein), were determined using 50 µM glyoxylate and
NADPH in thee buffers (50 mM each): 2-morpholino-ethanesulfonic acid,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid and
N-tris(hydroxymethyl)methyl-4-aminobutanesulfonic acid either separately
(A,B) or together (C,D). Each datum represents the mean (±SD) of three
technical measurements of a typical enzyme preparation.

represent the mean (±SE) of three replicate preparations, and
the Vmax values obtained with glyoxylate or SSA were not
significantly influenced by whether the substrate or co-factor
was varied or fixed (P > 0.05, t-test) (Table 1). Glyoxylate-
dependent kinetics with NADPH were also determined here for
the AtGLYR1 and the AtGLYR2 using the microplate reader,
so that direct comparisons could be made with published
values obtained with the use of a Cary 300 spectrophotometer.
Overall, the catalytic efficiencies (kcat/Km) of the apple and
rice GLYRs, like those for the Arabidopsis GLYRs (Hoover
et al., 2007a; Simpson et al., 2008), were within the same
order of magnitude for each substrate, and the Km values
for glyoxylate and NADPH were in the micromolar range,
whereas the Km values for SSA were in the millimolar
range (see Table 1 and Supplementary Figures S4–S6). For
all GLYRs, the highest catalytic efficiencies were observed for
NADPH, mostly at fixed glyoxylate concentrations, followed by
glyoxylate at fixed NADPH concentrations, whereas catalytic
efficiencies for SSA were 0.2 to 1.4% of those for glyoxylate
(Table 1). Overall, the catalytic efficiencies of GLYR1 and
GLYR2 for glyoxylate or SSA in the NADPH-dependent
reaction ranged approximately three- to four-fold only across
the species compared here, and there were no identifiable
catalytic differences between the GLYR1 and GLYR2 isoforms,
indicating that all GLYRs prefer glyoxylate over SSA, and have
a high affinity for their co-substrate NADPH. The activities
of MdGLYR1 and MdGLYR2 displayed inhibitory responses
to an increasing NADP+/NADPH ratio (Figure 2), and their
reaction rates were reduced by half with an NADP+/NADPH
ratio of 5.

Phenotypic Response to Chilling of
Various GLYR Lines Supplied with
Exogenous Glyoxylate, Succinic
Semialdehyde, or γ-Hydroxybutyrate
To investigate whether GLYR activity is linked to a phenoptypic
response to chilling, seeds of Arabidopsis WT, GLYR1 Ox, glyr1/2
and glyr1/2-RNAi were sown directly on agar medium and
grown at 22◦C or 10◦C in separate tissue culture chambers. At
22◦C, the early growth of the different genotypes was similar
in the absence or presence of added SSA or GHB up to
12 days (data not shown). The early growth of the genotypes
at 10◦C was also similar in the absence of glyoxylate or GHB
after 27 days (Figures 3A,E). However, when SSA or GHB
(up to 3 mM each) was added to the medium, a differential
response was observed among the genotypes at 10◦C. That is,
increasing concentrations of SSA progressively inhibited growth
and development (Figures 3B–D). At 1 mM SSA, the inhibition
was greater with glyr1/2-RNAi and glyr1/2 than the WT and
GLYR1 Ox, and purple tinging of the leaves was repeatedly
observed in the WT (Figure 3B). At 2 mM SSA, radicle
development in both glyr1/2-RNAi and glyr1/2 was halted, and
shoot production was entirely absent (Figures 3C,D). Higher
magnification observations from a replicate experiment indicated
that 2 mM SSA stunted radicle growth in all four lines, and
confirmed that shoot and leaf development was hindered in
glyr1/2-RNAi and glyr1/2 (Figures 3C,D). In general, the plantlets
were more tolerant to GHB than SSA. Root length was reduced
with 2 and 3 mM GHB, and shoot reduction and yellowing
were particularly evident at 3 mM GHB; notably, the WT and
GLYR1 Ox line were more sensitive to GHB than glyr1/2 and
glyr1/2-RNAi (Figures 3E–G).

To further investigate whether GLYR activity could be linked
to a phenotypic response, Arabidopsis WT, and transgenic
GLYR1 Ox and glyr1/2 plantlets were transferred to a chilling
temperature of 10◦C for an 8-days period in the presence of
glyoxylate or SSA. In the absence of glyoxylate, all genotypes
displayed a similar gain in root length; however, the addition of
glyoxylate generally decreased this gain (Figure 4A). Notably, the
GLYR1 Ox line gained more root length than WT and glyr1/2
mutant plants with 1 mM glyoxylate, whereas GLYR1 Ox gained
more root length than glyr1/2 but not the WT in the presence of
2 mM glyoxylate (Figure 4B). We were unable to demonstrate the
same differential response to SSA using this experimental design
(data not shown).

Subcellular Localization of GLYR Activity
in Arabidopsis
As expected, AtGLYR1 expression in leaves of the Arabidopsis
glyr1 mutant was not detectable, and the total GLYR activity
in crude tissue homogenates was markedly less than that in
the WT (Figures 5A,B), indicating that cytosolic AtGLYR1
and plastidial/mitochondrial AtGLYR2 could be responsible
for approximately 85 and 15% of the total GLYR activity,
respectively, in leaves. To further assess whether AtGLYR2
is located in mitochondria, as well as plastids, mitochondria
were purified from a leaf organelle suspension from the glyr1
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FIGURE 2 | Dependence of recombinant apple GLYR activities on NADP+/NADPH ratio. The activities of MdGLYR1 (A) and MdGLYR2154 (B) were determined
using 50 µM glyoxylate and NADPH, and increasing concentrations of NADP+. Data represent the mean ± SD of four technical measurements of a typical enzyme
preparation.

FIGURE 3 | Impact of Arabidopsis genotype on the early phenotypic response to succinic semialdehyde or γ-hydroxybutyrate under chilling stress. Seeds of
wild-type (WT) plants and glyr1/2-RNAi, glyr1/2, and GLYR1 Ox were sown on plates containing half-strength MS medium with up to 3 mM SSA or GHB and grown
at 10◦C for 27 days. Levels of SSA or GHB are 0 (A,E), 1 (B), 2 (C,D,F), and 3 (G) mM.

mutant. The organelle suspension and purified mitochondria
were assayed for marker enzymes and GLYR activity. As shown
in Figure 5C, the activities of plastidial phosphoribulokinase,
mitochondrial fumarase and GLYR were present in the

organelle suspension. Phosphoribulokinase activity was not
detectable in the purified mitochondria, confirming that
this fraction was essentially free of plastid contamination
and, hence, plastidial AtGLYR2. The specific activity of
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FIGURE 4 | Impact of Arabidopsis genotype on the response of root growth
to glyoxylate under chilling stress. Seeds of WT, glyr1/2 and GLYR1 Ox were
sown on plates containing half-strength MS medium and grown at ambient
temperature for 8 days. Then the plantlets were transferred to new agar plates
containing 0 (control), 1 or 2 mM glyoxylate, as indicated on the y-axis, grown
at 10◦C for another 8 days, and then the gain in root length was determined
(A). Results are the least squared means ± SE of measurements from 10
plates (three plants per plate) estimated following two-way analysis of variance
(ANOVA) performed in PROC MIXED procedure in SAS with P = 0.05 as the
significance threshold. (B) Error bars sharing the same letter are not
significantly different.

fumarase was enriched approximately 53-fold in the purified
mitochondria, compared to the organelle suspension, whereas
the specific activity of GLYR was enriched approximately 2.1-
fold. These findings lend further support for the notion that
AtGLYR2 is indeed localized in mitochondria, as well as
plastids.

DISCUSSION

The recombinant apple and rice GLYR1s and GLYR2s
investigated here were highly active with glyoxylate and

NADPH over a relatively broad pH range from slightly acidic to
slightly basic, regardless of whether the different pH buffers were
combined or tested separately in the assay mixtures (Figure 1).
These results are in agreement with previous studies of the
recombinant Arabidopsis GLYRs (Hoover et al., 2007b; Simpson
et al., 2008), and the purified spinach enzyme (Kleczkowski et al.,
1986). Our kinetic analyses showed that recombinant GLYRs
from the monocotyledonous rice, as well as the dicotyledonous
apple and Arabidopsis, behaved similarly with respect to
their catalytic efficiencies (Table 1), probably because of their
conserved active site residues and NADPH-binding sequence
(Hoover et al., 2013; Brikis et al., 2017). The Km values for
glyoxylate and SSA were 5–53 µM and 0.8–9 mM, respectively,
with NADPH as the co-factor (Table 1), whereas the Km
for glyoxylate was 60 µM for the purified spinach enzyme
(Kleczkowski, 1995). Thus, it can be concluded that all plant
GLYRs have a preference for glyoxylate over SSA. There are few
reliable data on the pool sizes of glyoxylate and SSA in plants,
perhaps in part because of their propensity to form adducts
(Nikiforova et al., 2014; also see references therein). The level
of glyoxylate in rice seedlings is 0.27 µmol g−1 fresh mass
(FM) (Yu et al., 2010) or 0.27 mM (assuming 1 g FM equals
1 mL H2O), which is within the micromolar range known to
inhibit photosynthesis in intact chloroplasts (Campbell and
Ogren, 1990). The product of glyoxylate reduction, glycolate,
is known to accumulate in rice seedlings germinated under
hypoxic conditions (Narsai et al., 2009). SSA levels are low
(10–16 µM) in various parts of Arabidopsis plants (Palanivelu
et al., 2003; Toyokura et al., 2011). However, accumulation of
GHB, the product of SSA reduction, increases in Arabidopsis
and tobacco plants from approximately 0.04 µmol g−1 FM
to 0.12–2.4 µmol g−1 FM with the imposition of salinity,
submergence, heat and chilling stresses (Allan et al., 2008),
and submergence-induced GHB accumulation is markedly
reduced in Arabidopsis glyr1 and glyr2 mutants (Allan et al.,
2012).

The Kms for NADPH were 2–9 µM with the recombinant
apple, rice, and Arabidopsis GLYRs (Table 1), and 3–6 µM for the
purified spinach enzyme (Kleczkowski et al., 1986; Kleczkowski,
1995). NADPH was preferred over NADH as the co-factor
for both OsGLYR1 and AtGLYR1 (see Results; Hoover et al.,
2007a), results in general agreement with those for the purified
spinach enzyme (note: Kms for glyoxylate and NADH are 0.3
and 1.1 mM, respectively, in combination with a lower estimated
Vmax, Kleczkowski, 1995). Our previous results indicated that the
K i for NADP+, a competitive inhibitor of the glyoxylate- and
SSA-dependent reactions, is 3.1–9.5 µM for AtGLYR1 (Hoover
et al., 2007b). This is much lower than the corresponding value
(K i = 60 µM) for the purified spinach enzyme (Kleczkowski,
1995), and seemingly at odds with the slight inhibition of
apple GLYRs by NADP+ (i.e., approximately 50% inhibition
with a fivefold increase in NADP+, Figure 2). The estimated
ratios of NADPH:NADP+ in intact leaves of Arabidopsis (Allan
et al., 2008, 2012), cytosol of spinach, barley, and pea leaves
(Heineke et al., 1991; Wigge et al., 1993; Kleczkowski, 1995;
Igamberdiev and Gardeström, 2003), and spinach chloroplasts
(Heineke et al., 1991) are approximately 2, 1–4, and 0.5,
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FIGURE 5 | Mitochondrial localization of GLYR2 activity in rosette leaf tissue
from Arabidopsis. Total GLYR activity (A) and GLYR1 expression (B) in WT
and glyr1 knockout mutant. Data represent the mean ± SE of three biological
replicates. GLYR activity (total per fraction, or protein bases) in the organelle
suspension and purified mitochondria from glyr1 mutant (C). Data represent a
preparation of 50 g of rosette leaf tissue; ND, not detected. Similar results
were obtained with a replicate preparation.

respectively. Thus, it can be concluded that all plant GLYRs have
a high affinity for NADPH, and NADP+ is not likely to be an
important regulator of GLYR activity under ambient conditions,
as suggested earlier (Kleczkowski, 1995). Notably, the estimated
NADPH/NADP+ ratios in Arabidopsis and tobacco leaves have
been shown to increase by 0.5- to 4-fold with submergence,
heat and chilling stresses (Allan et al., 2008). In the absence of
applied stress, the NADPH/NADP+ ratio in an NAD KINASE1
Ox line of Arabidopsis is increased by threefold, and there is
a corresponding increase in GHB accumulation (Allan et al.,
2012).

Taken together, these findings are in agreement with the
suggestion that GLYR activities are stimulated by stress, likely
in response to the elevated supply of one or both substrates,
glyoxylate and SSA, as well as the co-factor NADPH (Hoover
et al., 2007a; Allan et al., 2008, 2012), despite the low affinity of
GLYRs for SSA and the low tissue levels of SSA under ambient
conditions. Mekonnen and Ludewig (2016) have shown the
growth of both glyr1/2 double mutants and WT plants is more
sensitive to exogenous SSA than GHB at ambient temperature.
Since chilling is known to cause the accumulation of both
GHB and its precursor GABA in Arabidopsis within hours of
exposure, and greatly enhance the leaf NADPH:NADP+ ratio
(Allan et al., 2008), we predicted that chilling would generate
a differential phenotype among the GLYR genotypes. Indeed,
plantlets of the various genotypes did display a qualitative
difference in the early growth response when grown on increasing
levels of exogenous SSA or GHB at 10◦C, but not 22◦C
(Figure 3). It was also possible to quantitatively demonstrate
that the root growth of established plantlets of the various
genotypes responded differentially to exogenous glyoxylate (but
not SSA) with chilling (Figure 4). Since roots are unlikely
to generate photorespiratory glyoxylate, these findings suggest

that GLYRs function in the reduction of toxic aldehydes,
including glyoxylate from multiple metabolic pathways (e.g.,
glyoxylate from non-photorespiratory serine synthesis, fatty acid
catabolism, interconversion of organic acids, purine catabolism
(see Introduction for citations), in plants subjected to chilling
stress.

The reduction of glyoxylate can also be catalyzed by
various hydroxypyruvate reductases (Kleczkowski et al., 1991;
Timm et al., 2011). For example, in Arabidopsis, there are
three isoforms: a peroxisomal HPR1 with a preference for
NADH and hydroxypyruvate over NADPH and glyoxylate,
respectively; a cytosolic HPR2 with a preference for NADPH
over NADH, but similar preference for hydroxypyruvate and
glyoxylate; and, a plastidial HPR3 with a preference for
NADPH and glyoxylate over NADH and hydroxypyruvate,
respectively (Timm et al., 2011). Our research has used
transient and stable expression systems to unambiguously
demonstrate that apple, rice, and Arabidopsis GLYR1s are
localized to the cytosol, whereas the corresponding GLYR2s
are localized in both plastids and mitochondria (Ching et al.,
2012; Brikis et al., 2017). Here, approximately 85% of the
total glyoxylate-reducing activity in Arabidopsis leaf extracts
was lacking in the glyr1 mutant (Figure 5), indicating that
GLYR1, rather than HPR2, is responsible for the majority of
the cytosolic activity. Furthermore, the recovery of glyoxylate-
reducing activity in purified mitochondria from the glyr1 mutant,
free from cytosolic GLYR1, plastidial GLYR2 (Figure 5) or
plastidial HPR3 (Timm et al., 2011) contamination, provided
in planta support for the dual targeting of GLYR2. The
percentage distribution of GLYR2 between mitochondria and
plastids remains uncertain, although oxalate may be a useful
tool to distinguish between plastidial GLYR2 and HPR3
activities (Kleczkowski et al., 1991). Early studies, using the
photosynthesizing protist Euglena gracilis, reported the presence
of NADPH-dependent GLYR activity in the intermembrane
space of mitochondria, which constitutes approximately 2% of
total mitochondrial protein (Yokota and Kitaoka, 1979; Yokota
et al., 1985). The Km values for NADPH and glyoxylate for
this enzyme are in the low micromolar range and the pH
optimum is 6.45 (Yokota et al., 1985), which are similar to
our findings with GLYRs from Arabidopsis, apple and rice
(Table 1).

In summary, the ability of GLYRs to promiscuously catalyze
the reduction of SSA, as well as glyoxylate, appears to have
physiological implications for the plant response to chilling
conditions and could be relevant to other abiotic stresses. The
generation of SSA is generally restricted to mitochondria with
the catabolism of GABA (Shelp and Zarei, 2017; see references
therein), whereas glyoxylate can be derived from multiple
biochemical processes and subcellular compartments. With
abiotic stresses, the detoxification of SSA could be diverted from
the generation of succinate to GHB as SSA dehydrogenase activity
becomes restricted with the accumulation of NADH (António
et al., 2016). With the exception of hypoxia, abiotic stresses
generally cause stomatal closure and result in corresponding
increases in Rubisco oxygenase activity (Allan et al., 2009).
This could increase the production and levels of glyoxylate,
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so that its detoxification could require capacity in addition
to the photorespiration-associated transaminase activities
(i.e., serine/asparagine:glyoxylate and glutamate:glyoxylate
transaminases) (Peterhansel et al., 2010; Modde et al., 2017):
reduction to glycolate (GLYR and HPR); decarboxylation to
formate, and, oxidation to oxalate (Igamberdiev and Eprintsev,
2016; see references therein). On the other hand, with
hypoxia glycolate oxidase and glycine decarboxylase activities
could be inhibited (Allan et al., 2009), and detoxification
of non-photorespiratory sources of glyoxylate could occur
via a combination of reduction (GLYR and HPR), GABA
transamination, and decarboxylation and oxidation activities.
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