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Abstract:

Lateral organs such as leaves and flowers are arranged regularly around the
stem of a plant, a phenomenon known as phyllotaxis. Plants have evolved
sophisticated phyllotaxis to rapidly maximize light capture. Diversity of
phyllotaxis in flower is apparently related to different reproductive
strategies. Recent tremendous advances have identified the plant hormone auxin
as the major regulator of phyllotaxis, and the plant hormone cytokinin, along
with auxin, synergistically promote the earliest steps of organ initiation and
robustness of the phyllotactic pattern. But the mechanism of the synergistic
effect of auxin and CK during the formation of phyllotactic pattern remains
elusive. ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6), which is
identified as important regulator of phyllotactic patterns, acts directly
downstream of auxin by integrating and balancing the activity of the cytokinin
and auxin. Our previous work found Arabidopsis mutant of the small GTPase
RAC/ROP activator, RopGEF, caused aberrant phyllotaxis and members of RopGEF
interacted with AHP6 in Yeast 2- Hybrid analysis, indicating that RopGEF might
function as signaling component of AHP6 regulated phyllotaxis formation. This
project will investigate the function of RopGEF in establishing phyllotactic
pattern, identify the interaction between RopGEF member and AHP6, elucidate
the role of RopGEF in the synergistical effect of auxin and cytokinin
regulated phyllotactic pattern.
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Abstract(limited to 500 words)

Based on the progress made in the last finished NSFC project, we shall continue to
identify the gene(s) responsible for oxalate biosynthesis and regulation in rice, then
to further confirm their function by RNAI and overexpression approaches, and finally, to
systematically investigate the molecular mechanism underlying oxalate biosynthesis and
regulation.

Cloning the gene(s) and understanding the molecular mechanism for oxalate
biosynthesis and regulation is the prerequisite for us to be able to manipulate oxalate
accumulation and then to improve stress resistance for plants; In addition, bypassing
more photorespiratory glyoxylate into oxalate would lead to a win-win effect, i. e., on
one hand reducing the carbon loss resulting from photorespiratory C02 release and on the
other hand increasing stress resistance by increasing oxalate accumulation.

Keywords(limited to 5 keywords,seperated by;):oxalate; biosynthesis; regulation;
molecular mechanism; rice
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Abstract

UV RESISTANCE LOCUS 8 (UVRS8) has been identified in Arabidopsis thaliana as the
receptor mediating responses to UV-B radiation. However, UVR8-mediated UV-B
signaling pathways in rice, which possesses two proteins (UVR8a and UVR8b) with
high identities to AtUVRS8, remain largely unknown. Here, UVR8a/b were found to be
predominantly expressed in rice leaves and leaf sheaths, while the levels of UVR8b
transcript and UVR8b protein were both higher than those of UVR8a. Compared to
wild-type (WT) plants, uvr8b and uvr8a uvr8b rice mutants exposed to UV-B showed
reduced UV-B-induced growth inhibition and upregulation of CHS and HY5 tran-
scripts alongside UV-B acclimation. However, uvr8a mutant was similar to WT plants
and exhibited changes comparable with WT. Overexpressing OsUVR8a/b enhanced
UV-B-induced growth inhibition and acclimation to UV-B. UV-B was able to enhance
the interaction between E3 ubiquitin ligase OsCOP1 and OsUVR8a/b, whereas the
interaction of the homologous protein of Arabidopsis REPRESSOR OF UV-B PHO-
TOMORPHOGENESIS2 (AtRUP2) in rice with OsUVR8a/b was independent of
UV-B. Additionally, OsUVR8a/b proteins were also found in the nucleus and cyto-
plasm even in the absence of UV-B. The abundance of OsUVR8 monomer showed
an invisible change in the leaves of rice seedlings transferred from white light to that
supplemented with UV-B, even though UV-B was able to weaken the interactions
between OsUVR8a and OsUVR8b homo and heterodimers. Therefore, both
OsUVR8a and OsUVR8b, which have different localization and response patterns
compared with AtUVRS8, function in the response of rice to UV-B radiation, whereas
OsUVR8Db plays a predominant role in this process.

photosynthesis (Chen et al., 2022; Frohnmeyer and Staiger, 2003).
In contrast, non-damaging low doses of UV-B radiation

Approximately 95% of UV-B radiation is absorbed by the ozone
layer and the rest reaches the Earth's surface with an average
intensity of 100 pW-cm~2 (Cejka et al., 2011). Therefore » expo-
sure to UV-B radiation is inevitable for sessile higher plants grown
under sunlight. Generally, a high level of UV-B radiation can induce
DNA damage, generate reactive oxygen species (ROS) and impair

T These authors contributed equally to this article.

(<1 umol-m~2.s7) can act as a regulatory signal that is specifically
perceived by the UV-B photoreceptor, UV RESISTANCE LOCUS
8 (UVR8). In Arabidopsis, upon UV-B irradiation, the UVR8 photo-
receptor is converted from an inactive dimer to two active mono-
mers that interact with COP1, a ubiquitin ligase, to prevent poly-
ubiquitination of the transcriptional factor HY5. Consequently, the
degradation of HY5 is suppressed and the photomorphogenic
response can then be initiated (Favory et al., 2009; Cloix
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et al,, 2012). Acting downstream of the specific UVR8-mediated
UV-B protective responses, HY5 induces the synthesis of the
REPRESSOR UV-B PHOTOMORPHOGENESIS PROTEIN 1 (RUP1)
and RUP2, which interact with the UVR8 monomers to release
COP1. This would result in re-dimerization of UVR8 monomers
and repression of the UVR8-mediated UV-B signaling (Gruber
et al., 2010; Heijde and Ulm, 2013). Although, this UV-B-induced
acclimation response mediated by the AtUVRS8 receptor and nega-
tive feedback balancing mechanism have been thoroughly charac-
terized in Arabidopsis, relatively little is known about the
underlying mechanisms of UV-B perception and signal transduc-
tion in other plant species.

Although Arabidopsis is an important model experimental plant,
many of the UV-B acclimation mechanisms described in this species
may be different from those in other plants. For instance, some plants
possess proteins with low homology to AtRUP1 and AtRUP2, and at
least two proteins with homology to AtUVRS8 (Tossi et al., 2019). In
rice, there is only one protein with 46% homology to AtRUP2 and two
proteins, OsUVR8a (0s029g0554100) and OsUVR8b (0s04g0435700),
that have 74% and 75% homology to AtUVRS, respectively
(Figure S1A). Moreover, since rice is adapted to growth in a high-light
environment with high levels of UV-B, the UV-B acclimation mecha-
nism may therefore be different from that of Arabidopsis. Despite
some reports on UV-B signaling in rice has been reported (ldris
et al., 2021; He et al, 2021), it is still unclear whether OsUVR8a
and/or OsUVR8b may function as the key UV-B photoreceptor in rice.
In the work here, the UV-B response mediated by UVR8a and UVR8b
in rice was investigated, particularly in comparison with that in Arabi-
dopsis. The findings suggest that OsUVR8b, rather than OsUVR8a,
plays a predominant role in UV-B acclimation in rice. Moreover, the
mechanisms of UVR8-mediated UV-B perception and signal transduc-
tion in rice might be different from those in Arabidopsis, even though
UVRS is thought to be conserved among different plants.

2 | MATERIALS AND METHODS

2.1 | Plant materials and growth conditions

Rice (Oryza sativa L.) cv. Dongjin (DJ) was used for generating the
uvr8a, uvr8b, uvr8a uvr8b double mutants and transgenic rice plants
overexpressing OsUVR8a / OsUVR8b. Germinated seeds were grown
in the Kimura B complete nutrient solution (Yoshida et al., 1976)
under different experimental conditions, as described in the legend of
each figure. A plant growth chamber (PERCIVAL E-41HO) was fitted
with fluorescent lamps to supply white light. For supplementary nar-
rowband UV-B irradiation, Philips TL20W/01 UV-B tubes (with a radi-
ation spectrum of 305-315 nm and a peak at 311 nm) were used,
while Sankyo G15T8E UV-B tubes (with a radiation spectrum of 290—
310 nm and a peak at 306 nm) were used in the other UV-B irradia-
tion experiments. The UV light intensity of the UV-B tubes used was
measured using a 742 UV light meter (manufactured by the Beijing
Normal University, Beijing, China).

2.2 | Generation of transgenic rice plants

The uvr8a, uvr8b, uvr8a uvr8b mutants were generated using the
CRISPR/Cas9 system. Firstly, a vector containing a CRISPR cassette
with a functional Cas9 under a maize ubiquitin (Ubi) promoter and a
gRNA for target location at OsUVR8a or/and OsUVR8b was con-
structed according to Ma et al. (2015). The vector was then intro-
duced into the Agrobacterium tumefaciens strain EHA105 for the
transformation of DJ rice calli using the procedure as described in Hiei
et al. (1994). Transgenic plants were regenerated from the trans-
formed rice calli and were then genotyped by PCR amplification of
the target region in DNA extracted from their leaves. The primer
sequences used for vector construction and amplification of the target
regions are listed in the Tables S1 and S2. For OsUVR8aOE/OsUVR8-
bOE vector construction, the full-length OsUVR8a/OsUVR8b coding
sequence was amplified using PCR with the primers listed in the
Table S1 and inserted into the pOx vector (provided by Professor
Yao-Guang Liu, College of Life Sciences, South China Agricultural Uni-
versity, China) containing a Ubi promoter. The OsUVR8aOE/OsUVR8-
bOE vector was introduced into the A. tumefaciens strain EHA105 for
transformation of DJ rice calli into transgenic rice plants overexpres-
sing OsUVR8a/0OsUVR8b as described previously (Hiei et al.,1994).

2.3 | Total RNA extraction and RT-gPCR analysis
Total RNAs were extracted from various tissues of wild-type
(WT) plants or OsUVR8 transgenic plants with Trizol and then reverse-
transcribed using HiScript® 1l following the manufacturer's instruc-
tions (Vazyme Biotech). RT-gPCR analyses were carried out using a
PTC200 (BIO-RAD) PCR machine and a SYBR green probe (Bimake).
The sequences of the primers used are given in the Table S2. ACTIN
(LOC4333919) was used as an internal standard. RT-qPCR analysis
was performed with at least two independent biological replicates,
each consisting of 2 or 3 replicates (each being a pool of at least
2 plants). Data from all the replicates or from one set of biological rep-
licate was averaged. See details in figure legends.

24 | Subcellular localization of OsUVR8a and
OsUVR8b

The full-length coding region of OsUVR8a or OsUVR8b was amplified
by PCR using rice leaf cDNA as a template. The PCR products were
cloned into the vector pYL322—-d1-GFP or pCAMBIA1300—(N)eGFP
to produce a fusion protein with green fluorescence protein (GFP)
under the control of the 35S promoter. Rice protoplast isolation and
PEG-mediated transient expression of pYL322-d1-GFP/OsUVR8a—
GFP/OsUVR8b—GFP were carried out according to Zhang et al. (2011).
Transformation of Nicotiana benthamiana expressing pCAMBIA1300—
GFP/GFP-OsUVR8a/ GFP—OsUVR8b was carried out according to Qi
et al. (2016). Green/red fluorescence from the expression of GFP/RFP
in rice protoplast was observed using an argon laser and the
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photomultiplier tube (PMT) detectors of a Zeiss LSM 7 DUO confocal
microscope. The excitation/emission filters utilized for fluorescence
detection were 488/493-546 nm for GFP and 532/570-620 nm for
RFP. Green fluorescence from the expression of GFP in
N. benthamiana was observed using the Leica DFC550 digital color
camera system.

25 | Firefly luciferase complementation fragment
imaging assay

The gene constructs (cLUC and nLUC) for fusion proteins between
the C or N terminus of firefly luciferase and OsUVR8a, OsUVRS8b,
OsCOP1, or OsRUP were transferred to the Agrobacterium strain
GV3101. The agrobacteria carrying the different constructs were sim-
ply mixed and infiltrated into the leaves of N. benthamiana. The trans-
formed tobacco plants were kept under long-day white light for 36—
48 h. A luciferin solution (1 mM luciferin and 0.01% Triton X-100)
was then infiltrated into the leaves co-expressing the different con-
structs and acclimated in the NightSHADE LB98 Imaging System for
5 min before the leaves were examined for LUC activity (Chen
et al., 2008). Images were captured using the NightSHADE LB98
imaging system (Berthold Technologies).

2.6 | Generation of anti-His-OsUVR8b antibody
The expression vector pET30a-His-OsUVR8b was transformed into E.
coli Rosetta (DE3) using the heat shock method to obtain E.coli
Rosetta (DE3)-pET30a-His-OsUVR8b cells expressing the His-
OsUVR8b protein. After induction with IPTG to express His-
OsUVR8b protein, the E.coli cells were collected and then disrupted
by sonication before inclusion bodies were purified. His-OsUVR8b
protein was further purified using a nickel-ion affinity column
(BIO-RAD). For antigen preparation, the purified protein recovered by
emulsification with Freund's complete adjuvant (Sigma) was used for
the first immunization, followed by three subsequent immunizations
with the antigen emulsified in Freund's incomplete adjuvant (Sigma) at
weekly intervals. One week after the fourth antigen injection, blood
was collected from the rabbits' ear marginal vein to isolate the serum
containing the anti-His-OsUVR8b polyclonal antibodies, which were
purified using blot affinity purification.

2.7 |
analysis

Protein gel blot and co-immunoprecipitation

Leaves, leaf sheaths and roots of rice seedlings were ground in liquid
nitrogen, and the proteins were extracted with a buffer consisting of
the following: 50 mM Tris—HCI pH 7.5, 150 mM NaCl, 1 mM EDTA,
0.5% (v/v) Triton X-100, 1 mM PMSF (BBI, product no. A610425),
10 pM proteasome inhibitor MG132 (Sangon Biotech, product
no. T510313, Shangai, China) and 1% (v/v) protease inhibitor cocktail

[l 30f13
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for plant extracts (Sigma, product no. P9599). The extracts were
mixed with loading buffer before the proteins in the extracts were
separated using 10% SDS-PAGE. After electrophoresis, the gels
were irradiated with UV-B light (95-100 uW-cm~2 for 15 min) and
the proteins were then transferred to nitrocellulose/PVDF mem-
branes. Anti-His-OsUVR8b prepared in our laboratory was used as
the primary antibody at 1:1000 dilution or anti-FLAG VHH HRP
(AlpalifeBio™, product no. KTSM1318) at 1:5000 dilution. Horseradish
peroxidase (HRP)-conjugated anti-rabbit (BBl D110011) was used as
the secondary antibody. Immunodetection was performed using an
ECL Enhanced Plus Kit (ABclonal) and detected using a ChemiScope
6000 Touch chemiluminescence imaging system (Clinx). For immuno-
precipitation analysis, 2-leaf stage rice seedlings uvr8b mutant expres-
sing UVR8b::UVR8b-FLAG and glpl mutant expressing Ubi:FLAG-
OsGLP1 grown under white light (0.1 uW-cm~2 UV-B radiation) were
transferred to sunlight (55—107 uW-cm~2 UV-B radiation) for 2.5 h.
The whole seedlings were then ground in liquid nitrogen, and the pro-
teins were extracted with the above-mentioned buffer. The superna-
tant was mixed with 10 uL ANTI-FLAG®M2 Magnetic beads (Sigma,
product no. M8823), incubated at 4°C for 5 h, and then the beads
were washed three times with TBS (50 mM Tris—HCI pH 7.5 contain-
ing 150 mM NacCl). The bound proteins were eluted from the affinity
beads with 2 x SDS loading buffer at 95°C for 10 min and the super-
natant was used for protein gel blot analysis.

3 | RESULTS

3.1 | Mutation of OsUVR8 impairs UVR8-mediated
UV-B responses in rice

The differences in amino acid sequences and tertiary structures
among OsUVR8a, OsUVR8b, and AtUVR8 are mainly at the N- and
C-termini. The tertiary structure of OsUVR8a is more similar to that
of AtUVRS8 than that of OsUVR8b (Figure S1). Since the C-terminus
plays an important role in UV-B signaling, the differences in amino
acid sequences at the C-termini of OsUVR8a and OsUVR8b suggest
that there might be some differences in their participation in UV-B
signaling. To investigate this possibility, the uvr8a, uvr8b and uvr8a
uvr8b mutants were generated using the CRISPR/Cas9 techniques
(Figure S2). Immunoblot analysis of UVR8 proteins in the leaves from
the seedlings of the mutants were carried out using the anti-His-
UVR8b, which exhibited similar immunoreaction with OsUVR8a and
OsUVR8b (Figure S3). In the leaves of uvr8b, the level of UVR8 pro-
tein was remarkably lower than that in uvr8a, while UVR8 protein was
not detectable in the leaves of uvr8a uvr8b (Figure 1A). The plant
height in WT and uvr8a mutants grown under white light supplemen-
ted with 50-100 uW-cm~2 UV-B radiation for 7 days was signifi-
cantly lower (p <0.05) than those grown under white light only
(Figure 1B, C). However, the plant height reduction in uvr8b mutants
grown under white light supplemented with UV-B compared to those
grown under white light was relatively smaller than that in WT and
uvr8a mutants (Figure 1B, C). There was no significant difference in
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FIGURE 1  Mutation of OsUVR8b or
OsUVR8a and simultaneous mutation of
OsUVR8a/b impaired the response and
acclimation of rice seedlings to UV-B.
Immunoblot analysis of UVR8 protein levels in
the leaves (second leaves from top to bottom)
of 5-leaf stage wild type (DJ), uvr8a (#4, #11,
#15), uvr8b (#2, #10, #11) and uvr8a uvr8b (#5,
#36) seedlings grown in a paddy field is shown
in (A). Ponceau-stained ribulose-1,
5-bisphosphate carboxylase/oxygenase large
subunit (Rbcl) is shown as a loading control.
*Indicates a nonspecific band. (B) Phenotype of
representative seedlings grown under white
light for 2 d after germination and then to white
light (non-acclimated) or white light
supplemented with 50-100 pW-cm™
narrowband UV-B (acclimated) for

7 d. Quantification of plant height of the
seedlings depicted in (B) as shown in (C). 8 d-
non-acclimated and -acclimated seedlings were
exposed to 90-110 UW-cm~2 UV-B stress for
0 and 4 h, respectively, then pictures of leaves
were taken after a 2-d recovery period as
shown in (D). F,/F,, of isolated leaf blades from
non-acclimated seedlings and acclimated
seedlings exposed to 110-130 uW-cm~2 UV-B
for 50 min and 180 min, respectively, as shown
in (E) (n 2 4). Quantitative RT-PCR analysis of
HY5 and CHS gene activation in response to
UV-B in uvr8a (#4, #10), uvr8b (#10, #11) and
uvr8a uvr8b (#5, #36) seedlings grown for 7 d in
white light and exposed to white light
supplemented with 80-100 uW-cm~2 UV-B for
4 h compared to WT (DJ) as shown in (F) and
(G). Data from a set of biological replicates

(n 2 3). The means assigned with different
lowercase letters indicate statistically significant
difference as determined by one-way ANOVA
with Tukey HSD or Duncan post-hoc multiple
comparisons for differences among the

means (p < 0.05).

2
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the plant height of uvr8a uvr8b grown under white light with or without
narrowband UV-B supplementation (Figures 1B, C). Two-leaf stage rice
seedlings were grown under white light supplemented with 50—
100 uW-cm~2 narrowband UV-B (acclimation pretreatment) or without
the UV-B supplementation (non-acclimation treatment) for 8 days in
the incubator. After this, both groups of seedlings were exposed to 90—
110 pW-cm~2 UV-B (UV-B stress) for 0 h and 4 h before they were
returned to recovery under white light without UV-B supplementation
for 48 h (Figure 1D). In the non-acclimation treatment, obvious lesions
appeared in the leaves of WT and the mutants exposed to the high
UV-B stress for 4 h (Figure 1D), while relatively more prominent lesions
were only found in the leaves of uvr8a uvr8b mutant in the acclimation
treatments, no visible lesions were observed in the leaves of WT plants
(Figure 1D). In addition, there was a decrease in F,/F,, when the iso-
lated leaf blades from non-acclimated WT and the mutants were
exposed to UV-B stress for 50 min, but a significant decrease in the F,/
Fm values was only observed when the isolated leaf blades from uvr8b
mutant and uvr8a uvr8b mutant exposed to UV-B stress for 180 min in
the acclimation treatments (Figure 1E). Under sunlight with a medium
or low UV-B level (in Guanzhou, China), the plant height of uvr8a uvr8b
seedlings was also higher than those of WT, uvr8a and uvr8b mutants,
suggesting that UVR8a and UVR8b are both involved in UV-B-induced
growth inhibition (Figure S4A). When plants were grown under hot
summer sunny days (from June to September in Guangzhou, China),
there were no significant differences in the plant height of uvr8a uvr8b,
uvr8a and WT seedlings (Figure S4B and C). However, significant levels
of lesion mimic appeared, in the following order, in the leaves of uvr8a
uvr8b > uvr8b > uvr8a seedlings grown under sunlight with a high UV-B
level [such as in July to August (Figure S4D)] or in the days with sharp
changes in UV-B levels, suggesting that the tolerance of uvr8b and
uvr8a uvr8b seedlings to UV-B stress was more reduced compared to
WT and uvr8a. Consistent with the reduced UV-B tolerance phenotype
of uvr8a uvr8b and uvr8b, the transcript levels of the well-characterized
genes of HY5 and chalcone synthase (CHS) activated by UV-B were
lower in uvr8b and uvr8a uvr8b than in WT, while uvr8a mutants had
similar HY5 and CHS transcript levels compared with WT after exposure
to UV-B (Figure 1F, G). Moreover, uvr8a mutants exhibited slightly
reduced seed production rate and plant height as well as comparable
pollen vitality compared with WT grown in a paddy field, while plant
height, seed production rate and pollen vitality of uvr8b mutants were
significantly lower than that of WT (Figure S4E-H), further supporting
that OsUVR8a and OsUVR8b in UVR8-mediated UV-B responses are
functionally redundant, but OsUVR8b plays a major role in UV-
B-induced photomorphogenesis and acclimation to UV-B in rice.

3.2 | Higher levels of OsUVR8b transcripts and
OsUVR8Db proteins than those of OsUVR8a in rice
seedlings

There are significant differences in the promoter sequences of
OsUVR8a and OsUVR8b, suggesting that their expression and regula-
tion may be different. The transcript levels of OsUVR8a and OsUVR8b
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were much higher in rice leaves and leaf sheaths than in roots. In
these three plant parts, the levels of OsUVR8b transcript were all
higher than those of OsUVR8a (Figure 2A). Correspondingly, the levels
of UVR8b protein in these tissues were also higher than those of
UVR8a protein, but that of UVR8 protein in the leaf sheaths was
much higher than that in the leaves and roots (Figure 2B). The tran-
script levels of UVR8a and UVR8b were downregulated in the leaves
of rice seedlings transferred from white light to white light supple-
mented with UV-B (Figure 2C). However, the OsUVR8 protein level
did not seem to change in the leaves of rice seedlings exposed to
UV-B, while there was a slight decrease in the level of the OsUVR8
dimer accompanied by an increased level of OsUVR8 monomer
(Figure 2D). Interestingly, OsUVR8 monomers were detectable in the
seedlings grown under white light, even when grown in darkness
before exposure to UV-B (Figure 2D, E). In contrast, AtUVR8 mono-
mers were almost undetectable in the leaves of Arabidopsis Col-0
seedlings grown under white light, but their level increased signifi-
cantly after exposure to white light supplemented with UV-B under
the same experimental conditions (Figure S5). In contrast, the levels of
HY5, RUP and CHS transcripts increased significantly in the leaves
of rice seedlings transferred from white light to that supplemented
with UV-B (Figure S6).

3.3 | OsUVR8aand OsUVR8b were localized in
the nucleus even in the absence of UV-B

To determine the subcellular localization of OsUVR8a and OsUVR8Db,
the pYL322—-0OsUVR8a—GFP and pYL322-0sUVR8b—GFP fusion con-
structs were transformed into protoplasts from rice seedlings grown
under sunlight. Expression of OsUVR8a—-GFP or OsUVR8b-GFP
fusion protein, like that of AtUVR8-GFP fusion protein, resulted in
the GFP signal being detected in both the cytosol and nucleus. While
the GFP signal in the nucleus was well overlapped with the expression
of the nucleus marker 35S:IAA17-RFP, the GFP signal from the
expression of 35S::GFP was diffuse in both the cytosol and nucleus
(Figure 3), suggesting that OsUVR8a and OsUVR8b are nuclear- and
cytosol-localized proteins. Bright GFP fluorescence from the expres-
sion of the OsUVR8-GFP fusion protein could even be observed in
the nuclei of the protoplasts isolated from etiolated rice seedlings or
N. benthamiana (transformed with GFP—-OsUVR8) grown under white
light without supplementation with UV-B (Figure S7), suggesting that
OsUVR8 proteins were present in the nucleus in the absence of
UV-B.

3.4 | OsUVR8a interacted with OsUVR8b, but
OsUVR8a showed higher binding affinity to OsRUP
than OsUVR8b

Tobacco leaves co-transformed with OsUVR8a—nLUC/OsUVR8b—
nLUC and cLUC-OsUVR8a, cLUC-OsUVR8b, cLUC-OsCOP1 or
cLUC—OsRUP were grown under white light with or without
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supplementing 230-250 pW-cm~2 UV-B for 30 min after growing in
the normal environment (under white light) for 36 h. The firefly lucif-
erase substrate was then injected into the tobacco leaves before
examining LUC activity using the NightSHADE LB98 Imaging System.
The results showed that UVR8a interacted with UVR8b and UV-B
was able to impair but not abolish completely their interaction, even
when the tobacco leaves were exposed to 230-250 HUW-cm~2 UV-B
for 30 min (Figure 4A). In addition, Co-IP assay of rice endogenous
UVR8a with UVR8b-FLAG from 2-leaf UVR8b::UVR8b—FLAG/uvr8b
seedlings transferred from white light (<0.1 uW-cm~2 UV-B) to sun-
light also showed that UVR8a interacted with UVR8b in the plants
grown under sunlight (Figure 4D). Interestingly, fluorescence signals
of OsUVR8a—nLUC and cLUC-OsUVR8a, along with OsUVR8b—
nLUC and cLUC-OsUVR8b, were strong in firefly luciferase comple-
mentation experiments, even when the tobacco plants were exposed
to UV-B. However, tobacco transfected with AtUVR8-nLUC and
cLUC-AtUVRS8 showed no significant fluorescence signal, suggesting
OsUVR8a and OsUVR8b might form dimer more easily than AtUVRS.
When tobacco was placed under white light with 230—-250 uW-cm™2
UV-B for 30 min, the interactions between OsCOP1 and OsUVR8a/
OsUVR8b were enhanced to different degrees, suggesting that UV-B
could affect the interaction between OsCOP1 and OsUVR8a/
OsUVR8b (Figure 4B). The interaction between OsRUP with
OsUVR8a/0OsUVR8b occurred after white light and UV-B treatment,
and the interaction of OsRUP with OsUVR8a was significantly stron-
ger than OsUVR8b, suggesting that the interaction of OsRUP with
OsUVR8a and OsUVRS8Db is different and that the roles of OsUVR8a
and OsUVR8b may be different in the response of rice to UV-B
(Figure 4C).

FIGURE 2  Transcript and protein abundance of OsUVR8b were
both higher than those of OsUVR8a in rice seedlings. RT-qPCR
analyses of OsUVR8a and OsUVR8b transcripts in various tissues of
5-leaf stage wild-type (WT) rice seedlings (cv. Donjin or DJ) grown in
the glasshouse as shown in (A) (n = 6). Immunoblot analysis of UVR8
protein levels in the leaves (20 pg protein/lane), leaf sheaths (10 pg
protein/lane) and roots (20 pg protein/lane) of 4-leaf stage WT, uvr8a
and uvr8b seedlings grown under sunlight as shown in (B). Amido
black staining of RbcL is shown as a loading control. RT-qPCR
analyses of OsUVR8a and OsUVR8b transcripts in the leaves of 2-leaf
stage WT rice seedlings grown in a growth chamber under 200—
550 umol-m~2.s~* white light and then exposed to white light with
supplementation of 75-85 uW-cm~2 UV-B radiation for 0, 1, 2 and
4 h in a growth chamber, respectively, as shown in (C). Data from a
set of biological replicates (n = 6). Immunoblot analysis of UVR8
protein in the leaves of 3-leaf stage WT rice seedlings grown in a
growth chamber under 200-550 pmol-m~—2.s~* white light and then
exposed to white light with supplementation of 70-80 pW-cm ™2
broadband UV-B radiation for O, 1, 2 and 4 h as shown in (D).
Ponceau-stained RbcL is shown as a loading control. *Indicates a
nonspecific band. Immunoblot analysis of UVR8 protein in the
seedlings of 5 d WT rice seedlings grown in a growth chamber under
darkness and then exposed to 95-105 UW-cm~2 narrowband UV-B
radiation for 0, 1, 2 and 4 h as shown in (E). Ponceau-stained RbcL is
shown as a loading control.
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FIGURE 3  Fluorescent protein—
tagged OsUVR8a and OsUVR8b proteins
show nuclear and cytosolic localizations.
Confocal micrographs of protoplasts were
isolated from rice seedlings grown in
sunlight. The isolated protoplasts were
co-transformed with the vectors
pYL322—-0sUVR8a—GFP(upper)/pYL322—
OsUVR8b—GFP(middle)/pYL322—-GFP
(lower) and pYL322—-IAA17—RFP,
respectively. IAA17—RFP is a nuclear
marker and GFP alone was used as a
control. Bars = 5 um.

3.5 | Overexpression of OsUVR8a/OsUVR8b in
rice leads to enhanced UV-B photomorphogenesis and
acclimation

To further elucidate the role of UVR8 protein in the response of rice
to UV-B, transgenic lines overexpressing OsUVR8a/OsUVR8b under
the control of the constitutive strong Ubi promoter were generated.
The transgenic lines showing significant overexpression of UVR8
mRNA (Figure S8), detected using quantitative RT-PCR and the
UVR8 protein using anti-His—OsUVR8b on Western blot analysis,
were compared with WT in the following detailed analyses
(Figure 5A). When grown under sunlight in March for 12 days, the
plant height of the UVR8aOE and UVR8bOE seedlings was lower than
those of WT and uvr8a uvr8b grown under sunlight (Figure S9A-C).
Consistently, mature UVR8a/UVR8bOE plants grown under sunlight in
a paddy field from April to June were also shorter than WT and uvr8a
uvr8b (Figure S9D, E). However, the seed production rate of the
UVR8a/UVR8bOE plants was slightly lower than that of WT, while it
was higher than that of uvr8a uvr8b (Figure SOF). The plant height of
the UVR8aOE and UVR8bOE seedlings were also lower than those of
WT when grown under white light supplemented with narrowband
UV-B for 7 days (Figure 5B, C). In addition, relatively few lesions were
displayed in the leaves of UVR8a/bOE seedlings exposed to UV-B
stress for 5 h in the acclimation treatments (Figure 5D), and the F,/F,
values of the isolated leaf blades from UVR8a/bOE seedlings exposed
to UV-B stress for 4 h was higher than that of WT (Figure 5E), sug-
gesting that overexpressing UVR8a/b can enhance the acclimation of
rice to UV-B. Therefore, both UVR8a and UVR8b are involved in the
UV-B-induced photomorphogenesis and acclimation. Furthermore,
there was a slightly enhanced expression of HY5 and RUP as well as
an insignificant increase in the expression of CHS in the leaves of both
UVR8aOE and UVR8bOE seedlings compared to WT, when trans-
ferred from white light to that supplemented with UV-B (Figure 5F-
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H), suggesting a tight control of the UVR8 in the response to UV-B
might exist in rice.

4 | DISCUSSION

41 | OsUVRS8Db plays a predominant role in UVR8-
mediated UV-B responses

Up to now, UVR8 is the only UV-B receptor found in different plants
(Rizzini et al., 2011), and in most phylogenic groupings of green plants,
there is only a single copy of the UVR8 gene which has evolved in a
highly conserved manner (Zhang et al., 2022). Several species are,
however, known to contain at least two UVR8 genes (Brown
et al., 2005; Fernandez et al., 2016). For example, although the well-
known model experimental system Arabidopsis has one UVR8 gene,
there are at least two UVR8 genes in rice. The two rice proteins
UVR8a and UVR8b exhibit homology to AtUVRS8 (ldris et al., 2021).
There is, however, a possibility that the different UVR8 gene mem-
bers, if present, might have distinct roles in UV-B adaptation, at least
in rice. In the present study, although UVR8a and UVR8b transcripts
could be detected in the leaves, leaf sheaths and roots of WT rice
seedlings at the 5-leaf stage, the levels of UVR8a and UVR8b tran-
scripts and the corresponding proteins were higher in the leaves and
leaf sheaths than in the root. Moreover, the transcript and protein
levels of UVR8b were higher than those of UVR8a. This difference
among plant organs could be associated with the necessity of the
plant to protect itself from UV-B, and the difference in abundance
between UVR8a and UVR8b suggests that OsUVR8b might play a
predominant role in rice acclimation to UV-B. In addition, RUP exhib-
ited higher interaction intensity with UVR8a than with UVR8b, based
on firefly luciferase complementation imaging. This may be due to the
difference between UVR8a and UVR8Db in their C-terminal sequences
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FIGURE 4 UV-B can affect the interactions of
OsUVR8a/0sUVR8b with OsUVR8a, OsUVR8b, and
OsCOP1. Leaf epidermal cells of Nicotiana benthamiana were
co-transformed with OsUVR8a—nLUC/OsUVR8b—nLUC and
cLUC—OsUVRS8a (A), cLUC-0OsUVR8b (A), cLUC-OsCOP1
(B) or cLUC—OsRUP (C). Co-IP of rice endogenous OsUVR8a
with OsUVR8b—FLAG from 2-leaf UVR8b::UVR8b—-FLAG/
uvr8b seedlings transferred from white light (0.1 uW-cm 2
UV-B) to sunlight (55-107 uW-cm~2 UV-B) for 2.5 h as
shown in (D).
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FIGURE 5 Overexpression of UVR8a/UVR8b
enhanced UV-B-induced photomorphogenesis and
the acclimation of rice to UV-B. Immunoblot
analysis of UVR8 protein levels in the leaves of WT
(DJ), UVRBaOE (#1, #2), UVRBbOE (#1, #4, #6) and
uvr8a uvr8b seedlings grown under sunlight is
shown in (A). Ponceau-stained RbclL is shown as a
loading control. *Indicates a nonspecific band.
Phenotype of representative seedlings grown for

4 d under dark after imbibition and then exposed to
white light (non-acclimated) or white light
supplemented with 54—-101 pwW-cm~2 narrowband
UV-B (acclimated) for 7 d is shown in (B).
Quantification of plant height of the seedlings
depicted in (B) is shown in (C). 7 d-non-acclimated
and acclimated seedlings were exposed to 110—
130 uW-cm~2 UV-B for 5 h; then, pictures of leaves
were taken after a 2-d recovery period as shown in
(D). F/Fy, of isolated leaf blades from non-
acclimated seedlings and acclimated seedlings
exposed to 120130 uW-cm~2 UV-B for 1 h and

4 h, respectively, as shown in (E) (n = 5).
Quantitative RT-PCR analysis of HY5 (F), RUP (G)
and CHS (H) gene expression in response to UV-B in
UVR8aOE (#1, #2) and UVR8bOE (#1, #4, #6)
seedlings grown under white light for 8 d after
germination and then exposed to 100—

110 uW-cm~2 UV-B for 4 h compared to WT (DJ).
Data from a set of biological replicates (F) or two
replicates (G and H) (n = 3). The means assigned
with the same letter labels indicate no statistically
significant difference as determined by one-way
ANOVA with Tukey HSD or Duncan post-hoc
multiple comparesons for differences among the
means (p > 0.05).
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FIGURE 6

Model of UVRS8 actions in rice. In the absence of UV-B, UVRS8 proteins in rice are localized in the cell nuclei and cytoplasm as

monomers, homodimers and heterodimers. UV-B radiation significantly increases the proportion of the monomer interaction with COP1 rather
than the ratio of monomer/dimer. The interaction of the monomers with COP1 could initiate transcriptional responses, including stimulation of
CHS, HY5 and RUP expression. Purple circles denote UVR8a, pink circles denote UVR8Db, yellow circles denote COP1, green circles denote RUP,

and white circles denote HY5.

as well as structures, which play an important role in interaction with
COP1 and RUP2 (Figure S1), suggesting that their functions may be
different. The growth inhibition of uvr8a mutant was comparable to
that of the WT seedlings exposed to narrowband UV-B radiation and
a slight decrease in plant height under paddy field conditions. There
was also a significant increase in the levels of CHS and HY5 transcripts
in the leaves of uvr8a mutant transferred from white light to that sup-
plemented with UV-B. In contrast, the growth inhibition of uvr8b
mutant was slightly lower than that of WT grown under white light
supplemented with narrowband UV-B and there was a greater reduc-
tion in the levels of CHS and HY5 gene expression. In addition, plant
height, the seed production rate and pollen fertility of uvr8b mutants
were also significantly lower than those of uvr8a mutants and WT
grown to the mature stage in a paddy field. Like the Arabidopsis UV-B
light-insensitive mutants uli and uvr8, uvr8a uvr8b mutants appeared
to be non-responsive to UV-B and a lack of UVB-induced photomor-
phogenesis as well as CHS gene activation. Although the plant height
of uvr8a uvr8b mutant was insensitive to low-dose UV-B, the mutant

was highly sensitive to high-dose UV-B stress, showing phenotypes
such as lesion in leaves and reduced acclimation to UV-B, pollen fertil-
ity and seed production rate. Moreover, in response to white light
supplemented with a high dose of UV-B or on hot summer days, there
were more leaf lesions in the leaves of uvr8a uvr8b than in uvr8b
mutants and uvr8a mutants. Therefore, UVR8a and UVR8b can partic-
ipate together in tolerance to UV-B radiation in rice, but UVR8b plays
a predominant role in rice acclimation to UV-B. Like Arabidopsis
UVR8 overexpressing lines, OsUVR8a and OSUVR8b overexpressing
lines acclimated better to UV-B, despite no significant UVB-induced
increase in the CHS transcript level. Besides, the height of the
OsUVR8a- or OsUVR8b-overexpressing plants grown under white
light supplemented with narrowband UV-B or under solar UV-B all
displayed enhanced UV-B-induced photomorphogenesis. These find-
ings further support the idea that OsUVR8a and OsUVR8b can partici-
pate together in response to UV-B radiation in rice. While OsUVR8b
plays a prominent role in this process, OsUVR8a might help
OsUVR8b cope with high UV-B doses. It is important to note that
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there are significant differences in the amino acid sequence and ter-
tiary structures in the C-termini of OsUVR8a and OsUVR8Db, particu-
larly in the 27-amino acid region (termed C27: amino acids 397-423)
in the C-terminus of UVR8, which interacts with COP1, RUPs,
WRKY36, BIM1 and BES1 (Cloix et al., 2012, Liang et al., 2018; Yang
et al., 2018). However, the precise difference in the participation of
the two OsUVR8a/b genes in rice in response to UV-B remains to be
explored further (Figure 6).

4.2 | The localization and response modes of
OsUVR8a and OsUVR8b that mediate UV-B signaling
pathway in rice are different compared to the
Arabidopsis UVR8

UVRS8 plays a vital role in promoting UV-B acclimation and tolerance in
Arabidopsis thaliana by orchestrating the protective gene expression
responses that enable its survival under sunlight with high doses of
UV-B raditation. The Arabidopsis uvr8 mutant plants were hypersensi-
tive to UV-B stress (Kliebenstein et al., 2002), as they showed longer
hypocotyl, less flavonoid accumulation, and more damage under UV-B
radiation than WT and could not survive under sunlight (Brown
et al,, 2005). On the other hand, overexpression of Arabidopsis UVR8
made Arabidopsis more tolerant and better adapted to UV-B (Martinez
et al., 2013). Therefore, AtUVR8 has been identified as a key positive
regulator in UV-B-induced photomorphogenic development and stress
acclimation (Brown et al., 2005; Jenkins 2014; Rizzini et al., 2011,
Tilbrook et al., 2013). In rice, there are two proteins with high homology
to AtUVRS8, but there is only one protein with 46% homology to
AtRUP2 and no RUP1 sequence has been found. Rice is adapted to
growth in a high-light environment with high levels of UV-B. However,
it is surprising that the rice uvr8a uvr8b double mutants could survive
under sunlight with slightly decreased plant height, pollen vitality and
seed production rate, given that the conserved amino acids in
OsUVR8a/OsUVR8b are the same as those in AtUVR8. Moreover, UV-
B-induced activation of CHS and HY5 depends on OsUVR8a and
OsUVR8b, and OsUVR8a/0OsUVR8b can interact with COP1 and RUP.
These findings suggest that other mechanisms independent of
UVR8-induced UV-B acclimation might operate in rice. In Arabidopsis
grown under white light, AtUVR8 was found to be predominantly in
dimer and was localized in the cytosol, while the AtUVR8 monomers
were almost undetectable (Rizzini et al., 2011). Upon UV-B photorecep-
tion, stimulation of nuclear accumulation of the AtUVR8 was observed
in Arabidopsis, and the dimer then rapidly dissociated into monomers
which interacted with COP1 in the nucleus (Heijde and Ulm, 2013; Kai-
serli and Jenkins, 2007; Rizzini et al., 2011). GFP fluorescence of
OsUVR8a/0OsUVR8b was detectable in the nucleus of protoplasts,
including those isolated from etiolated seedlings or tobacco grown in
white light minus UV-B (Figure S7). OsUVR8a/OsUVR8b proteins could
exist as monomers in the absence of UV-B, and the ratio of OsUVR8
protein dimer/monomer showed insignificant change in the leaves of
rice seedlings transferred from white light to white light supplemented
with UV-B. These might allow a rapid response to mitigate the damage
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caused by UV-B and help rice to grow under a high level UV-B. In UV-
B-acclimated Arabidopsis exposed to a 15-fold increase in UV-B, there
was also no significant increase in the level of AtUVR8 monomer,
although UVR8 can mediate the response to UV-B (Liao et al., 2020).
Additionally, fluorescence signals of OsUVR8a—nLUC and cLUC-
OsUVR8a/cLUC-0OsUVR8b, along with OsUVR8b—nLUC and cLUC-
OsUVR8b, remained high in the firefly luciferase complementation
experiments even when the tobacco plants were exposed to 230-
250 pwW-cm~? UV-B. However, negligible endogenous UVR8 was
detected in Co-IP with CFP-UVR8 from Col/35S::CFP—UVR8 Arabidop-
sis seedlings treated with UV-B, suggesting that UV-B can induce a
remarkable reduction in CFP—UVR8-UVR8 interaction (Rizzini
et al., 2011). Moreover, OsUVR8a can interact with OsUVRS8b in rice
seedlings grown under sunlight with about 100 pW-cm—2 UV-B, indi-
cating that OsUVR8a and OsUVR8b could exist as a heterodimer and
not only a homodimer even when rice seedlings were exposed to UV-B
(Figures 4 and 6). These differences might be attributed to small varia-
tions in the amino acid sequences outside the conserved motifs. The
UVR8 of Marchantia polymorpha is also found mainly to be a monomer
in the absence of UV-B and is constitutively present in the nucleus even
though functional motifs that regulate protein stability and localization
of the UVR8 are conserved (Soriano et al,, 2018). Besides, differences
between the amino acid sequences of AtUVR8 and OsUVR8 sequences
as well as tertiary structures mainly exist in N- and C-termini
(Figure S1). It has been shown that the 23-aa region in the N-terminus
of AtUVRS is required for efficient nuclear accumulation (Kaiserli and
Jenkins, 2007), while the 27-aa region in the C-terminus interacts with
COP1, RUPs, WRKY36, BIM1 and BES1 (Cloix et al, 2012; Liang
et al, 2018; Yang et al., 2018). The interaction between COP1 and
UVR8 enhances the accumulation of HY5 and activates the expression
of a set of genes (Yin et al., 2016). Therefore, HY5 is a key effector of
the UVRS signaling pathway, and is required for the survival of Arabi-
dopsis under UV-B radiation (Brown et al., 2005). In Arabidopsis, UV-
B—induced expression of the HY5 gene was impaired in uvr8 mutant
and enhanced in UVR8 overexpressing plants (Brown et al., 2005), but
the transcript level of rice AtHY5-homologous showed a slight increase
and there that of CHS changed little in the leaves of OsUVR8a- or
OsUVR8b- overexpressing plants exposed to UV-B compared with
those of WT. These suggest that a more tightly regulated
UVR8-mediated UV-B signaling mechanism might operate in rice.
Moreover, only about 30% of UV-B-regulated genes of rice have Arabi-
dopsis homologs, while a large portion of the regulated rice genes have
no Arabidopsis that are UV-B-regulated (Idris et al., 2021). In addition,
unlike AtUVRS, the transcript levels of UVR8a and UVR8b were downre-
gulated in the leaves of rice seedlings transferred from white light to
white light supplemented with UV-B. This is also in agreement with the
reports about the homologies of AtUVR8 in tea and Brachypodium dis-
tachyon in response to UV-B (Shamala et al., 2020; Chen et al., 2023).
Therefore, although UVR8-mediated signaling pathway is conserved in
rice, the subcellular localization of OsUVR8, the mechanism of response
to UV-B, the downstream regulators and transcription factors might be
different from those of Arabidopsis. UV-B activates OsUVR8a/b-
mediated UV-B responses in rice and this might depend on increasing
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the proportion of monomers bound to COP1 to cause changes in the
expression of the downstream genes, rather than promoting an increase
in monomer abundance for entry into the nucleus (Figure 6). Moreover,
it remains to be determined if other types of UV-B receptors might be
found in rice.
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Abstract

Exposure to ultraviolet B radiation (UV-B) stress can have serious effects on the growth and development of plants.
Germin-like proteins (GLPs) may be involved in different abiotic and biotic stress responses in different plants, but little is
known about the role of GLPs in UV-B stress response and acclimation in plants. In the present study, knockout of GLP
8-14 (OsGLP1) using the CRISPR/Cas9 system resulted in mutant rice (Oryza sativa L.) plants (herein called glpl) that
exhibited UV-B-dependent formation of lesion mimic in leaves. Moreover, glpl grown under solar radiation (including UV-B)
showed decreased plant height and increased leaf angle, but we observed no significant differences in phenotypes between
wild-type (WT) plants and glpl grown under artificial light lacking UV-B. F,/F,, Y (Il) and the expression of many genes, based
on RNA-seq analysis, related to photosynthesis were also only reduced in glpl, but not in WT, after transfer from a growth
cabinet illuminated with artificial white light lacking UV-B to growth under natural sunlight. The genes-associated with flavo-
noid metabolism as well as UV resistance locus 8 (OsUVR8), phytochrome interacting factor-like 15-like (OsPIF3), pyridoxal
5-phosphate synthase subunit PDX12 (OsPDX1.2), deoxyribodipyrimidine photolyase (OsPHR), and deoxyribodipyrimidine
photolyase family protein-like (OsPHRL) exhibited lower expression levels, while higher expression levels of mitogen-activated
protein kinase 5-like (OsMPK3), mitogen-activated protein kinase 13-like (OsMPK13), and transcription factor MYB4-like
(OsMYB4) were observed in glpl than in WT after transfer from a growth cabinet illuminated with artificial white light to
growth under natural sunlight. Therefore, mutations in OsGLP1 resulted in rice plants more sensitive to UV-B and reduced ex-
pression of some genes for UV-B protection, suggesting that OsGLP1 is involved in acclimation to UV-B radiation.

Introduction receptor UV resistance locus 8 (UVR8) is known to trigger

UV-B light (280—315 nm and herein referred to as UV-B) is
an intrinsic part of sunlight reaching the earth’s surface.
Since plants use sunlight for photosynthesis, inevitably they
are exposed to potentially harmful levels of UV-B under nat-
ural growth conditions. Sensing low levels of UV-B with

UVR8-mediated signaling in regulating various aspects of
metabolism and development to protect plants against UV-B
damage (Jenkins, 2009; Tilbrook et al, 2013). This UVR8-
mediated signaling process involves two important light sig-
naling components, namely E3 ubiquitin ligase constitutively
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photomorphogenic 1 (COP1) and the transcription factor
elongated hypocotyl 5 (HY5). The interaction between COP1
and UVR8 activates the expression of many genes mainly as-
sociated with prevention of UV-B damage (Nawkar et al,
2013; Tilbrook et al, 2013). As a feedback regulation, repressor
of UV-B photomorphogenesis 1 (RUP1) and RUP2 can disrupt
the interaction between COP1 and UVR8 leading to the re-di-
merization of UVR8 (Heijde and Ulm, 2013). On the other
hand, RUP1/RUP2 could also be degraded following interac-
tion between RUP1/RUP2 and COP1, leading to HY5 stability
(Ren et al, 2019). Besides, the interaction of UVR8 with
WRKY DNA-binding protein 36 (WRYK36) in the presence of
UV-B prevents the inhibition of HY5 transcription by
WRYK36. HY5 plays a role in induction of gene expression by
UV-B and result in, for example, suppression of embryonic
axis elongation (Yang et al, 2018). Furthermore, UVR8 seems
to be able to cross talk with other signaling pathways, partic-
ularly auxin signaling, in regulating several responses. For in-
stance, in the presence of UV-B, UVR8 inhibited the DNA-
binding activities of MYB domain protein 73/77 (MYB73/
MYB77) and directly repressed the transcription of their tar-
get auxin-responsive genes (Yang et al, 2020). UVR8 can also
interact with methanesulfonate-suppressor (BES1) and BES1-
interacting Myc-like 1 (BIM1), which are transcription factors
involved in brassinosteroid signaling promoting hypocotyl
elongation of Arabidopsis (Liang et al, 2018). By repressing
the DNA-binding activities of these transcription factors,
UVR8 can affect growth and photomorphogenesis. Moreover,
BES1-RNAI transgenic plants and bim123 triple mutants were
more sensitive to UV-B treatment (Liang et al, 2018).
Similarly, rupl rup2 and rup2 mutants were also more sensi-
tive to narrowband UV-B radiation (Gruber et al, 2010), but
uvr8 (Kliebenstein et al, 2002; Favory et al, 2009), copl
(Oravecz et al, 2006), hy5 (Ulm et al, 2004; Brown et al,
2005) mutants were hypersensitive to UV-B stress.

High levels of UV-B can directly damage DNA, lipids, pro-
teins, and photosynthesis apparatus, induce reactive oxygen
species production, and affect cell integrity and vitality
(Jenkins, 2009). For survival, plants need highly efficient UV-
B protective mechanisms/tolerance. The response to UV-B
stress involves the mitogen-activated protein kinase (MAPK)
signaling cascade. UV-B stress can induce accumulation of
MAP kinase phosphatase (MKP1) as well as activation of
MKP1-interacting proteins MPK3 and MPK6 in Arabidopsis
(Gonzélez Besteiro et al, 2011; Gonzélez Besteiro and Ulm,
2013). Single Arabidopsis mutants of mpk3 and mpk6 are
more resistant to UV-B stress, but mkpl mutants are hyper-
sensitive to acute UV-B stress, which is related to sustained
activities of MPK3 and MPK6 (Gonzéalez Besteiro et al,
2011). This pathway of MKP1-regulated stress—response is
independent of the known signaling response mediated by
UVR8. The role of UVR8-dependent pathway in UV-B stress
is elusive, although studies have shown that the two inde-
pendent pathways mediated by MKP1 and UVR8 contribute
synergistically to UV-B tolerance in plants (Gonzalez
Besteiro et al., 2011).
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Substantial knowledge of molecular, cellular, and organismal
responses to UV-B has been achieved in past decades from
research mainly undertaken with Arabidopsis grown under ar-
tificial light. The activities and relative importance of the
UVR8-dependent and -independent pathways in plants grow-
ing under sunlight are, however, poorly understood. Since
high levels of UV-B can also regulate the expression of many
genes through UVRS8-independent pathways, there may be
other types of UV-B photoreceptors in plants (Nawkar et al,
2013; Liang et al., 2019; Tossi et al., 2019). It is, therefore, nec-
essary to explore the functions and regulation of UVR8 in di-
verse plant species as well as the activities and importance of
UV-B response pathways in plants growing under sunlight.

Germin-like proteins (GLPs) are the proteins that share
around 30%—70% identity with germin (Bernier and Berna,
2001) and have diverse enzymatic activities, such as superox-
ide dismutase (SOD; Segarra et al, 2003, Gucciardo et al,
2007), oxalate oxidase (OxO; Sakamoto et al, 2015), pyro-
phosphatase/phosphodiesterase (AGPPase; Rodriguez-Lopez
et al, 2001, Mansilla et al., 2012) and polyphenol oxidase ac-
tivity (Cheng et al, 2014). Additionally, they can also act as
receptors (Swart et al., 1994; Membré et al,, 2000; Gucciardo
et al, 2007), protease inhibitor (Mansilla et al., 2012), and
may be involved in different abiotic and biotic stress
responses in different plants (Das et al., 2019). Little is, how-
ever, known about the role of GLPs in UV stress response
and tolerance in plants. In a proteomic study, the abun-
dance of a GLP in the leaves of peanut plants kept under
supplementary UV-B was reported to be increased (Du
et al, 2014). It is, however, not clear if a GLP might also play
a role in UV radiation response in rice. In this study, new ev-
idence was obtained in support of the participation of
OsGLP1 in UV-B stress response of rice plants based on phe-
notypic, RNA sequencing (RNA-seq), and reverse transcrip-
tion quantitative (RT-gPCR) analyses of the glpl mutants
generated using the CRISPR/Cas9 system. A rice GLP 8-14
(OsGLP1, LOC4345763) is encoded by a member of the ger-
min-like gene family, which shares 90% amino acid identity
with adenosine diphosphate glucose pyrophosphatase of
barley and wheat, and 80% with the auxin-binding protein
ABP20 precursor of corn (Zea may L). Besides alterations to
plant architecture, lesion mimic only appeared in the leaves
of glpl mutants grown under lighting regimes that included
UV-B (sunlight or artificial light supplemented with UV-B in
a growth chamber). Similarly, the leaves of uvr8-1 mutants
exposed to white light supplemented with UV-B for 3 d also
showed necrosis (Kliebenstein et al, 2002). The results
obtained in the present study support the hypothesis that
OsGLP1 was involved in the acclimation of rice to UV-B.

Results

UV-B-dependent formation of lesion mimic and
alterations in plant architecture in glpl mutants
Using CRISPR/Cas9 technology, glpl mutant rice plants were
generated in the Dongjin (DJ) background. Sequence align-
ment and expression analysis showed that glp1-3, glpl-4, and
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glp1-8 mutants with different mutations in the coding se-
guence (CDS) of OsGLP1 were loss-of-function mutants
(Supplemental Figure S1). The glpl mutant plants displayed
phenotypes that differed from those of wild-type (WT).
Compared to WT, there were some brown spots on the leaf
blades of glpl grown under natural sunlight (Figure 1A). Clear
trypan blue staining areas showing occurrence of cell death
were observed in the leaves of glpl mutants grown under
sunlight (Supplemental Figure S2). The brown spots appeared
in the leaves of glpl after transfer from a controlled growth
chamber (12-h dark at 28°C and 12 h of 600 mmol m 2 s+
artificial light lacking UV-B at 30°C) to growth under sunlight.
There were, however, significantly fewer lesions in the newly
grown leaves than in old leaves (Supplemental Figure S3) and
in the leaves of seedlings grown under natural sunlight after
germination than in those transferred to natural sunlight
from white light (Figure 2A; Supplemental Figure 3A). When
glpl was grown outdoors under a piece of glass or in a glass-
house whereby natural sunlight was filtered through, the
abundance of the lesions in the leaf blades decreased remarkably
compared to those of glpl grown under 50-100 mW cm 2
UV-B in the glasshouse supplemented with extra UV-B
(Supplemental Figure S4). On the other hand, lesions were
not observed in the leaves of glpl mutant plants grown in a
controlled growth chamber (12-h dark, 28°C/12-h light, 30°C)
under 600 mmol m~2 s~ artificial light lacking UV-B compared
to those of glpl kept in a growth room supplemented with
50-80 mW cm 2 UV-B (Figure 1B). These results suggest that

He et al.

UV-B triggered the lesion development in the glpl knockout
mutants. To explore the possibility that formation of leaf
lesions in the glpl mutants could be specifically dependent on
UV-B or a combination of environmental factors other than
UV-B, transgenic plants grown to the 4-leaf stage in a growth
chamber without supplementary UV-B were then placed at dif-
ferent conditions as described in Supplemental Figure S$4.
Interestingly, high light intensity and high temperature could
not induce the appearance of lesions in the leaves of the glpl
(Supplemental Figure S4). Therefore, the formation of lesions in
the leaves of glpl appears to be dependent on UV-B.

Besides lesion formation, glpl grown under natural sun-
light also showed decreased plant height and root length as well
as increased leaf angle at the 5-leaf stage (Figure 2, A-D). In con-
trast, there was no apparent difference in the phenotypes be-
tween WT and glpl grown in a controlled growth chamber
illuminated with artificial light lacking UV-B (Figure 2, E—H).
Phenotypes including increased leaf angle as well as semi-dwarf
plants became more prominent in glpl grown under natural
sunlight at the maturation stage (Supplemental Figure S5, A—C).
There was no significant difference in stem length between WT
and glpl grown in a glasshouse, although the leaf angle of
glpl was greater than WT. It is important to note that this
increase in leaf angle in glpl grown in the glasshouse was
less than when grown under natural light (Supplemental
Figure S5, D—F). Taken together, these results have revealed
a heretofore unrecognized role for OsGLP1 in UV-B protection
and UV-B-triggered responses.

Figure 1 Appearance of the lesion mimic on leaves of rice glpl mutants. A, is the second leaves from bottom to top of WT, transgenic plants over-

expressing OsGLP1 (2 and 9) and glpl mutants (3, 4, and 8) grown in a growth chamber without UV-B (12 h of 600 mmol m

~2 571 artificial light at

30°C and 12 h of dark at 28°C) to 5-leaf stage and then exposed to natural sunlight and natural sunlight passing through a glass for 1.5 d. B, is the second
leaves from bottom to top of 5-leaf stage seedlings grown in a controlled growth chamber with (left) or without (right) 50-80 mW cm~2 UV-B for 5 h,

and were then grown in the chamber without UV-B for 30 h.
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Figure 2 Knockout of OsGLP1 results in dwarfness and increased leaf inclination in rice plants grown under natural sunlight. In A, B, C, and D, the
phenotype, plant height, root length and leaf angle (the second leaf from bottom to top), respectively, of WT, transgenic plants overexpressing
OsGLP1 (2, 9, and 11) and glpl mutants (3, 4, and 8) grown under natural sunlight until the 5-leaf stage are shown. In E, F, G, and H, the pheno-
type, plant height, root length and leaf angle, respectively, of WT, transgenic plants overexpressing OsGLP1 (2, 9, and 11) and glpl mutants (3, 4,
and 8) grown in a controlled growth chamber deficient in UV-B (12-h light, 600 mmol m~2 s~%, 30°C; 12-h dark, 28°C) until the 5-leaf stage are
shown. The boxplots, from top to bottom, denote maximum value, upper quartile, median, lower quartile and minimum value, and whiskers de-
note maximum value to minimum value of the data. The means = sp (n > 16 plants) of plant height, root length or leaf angle assigned with differ-
ent letters were significantly different as determined by one-way analysis of variance (ANOVA) with post hoc Bonferroni test (P < 0.05).

More damages on photosynthetic efficiency in glpl
than in WT plants transferred from artificial white
light to growth under natural sunlight

The photosynthetic organs of plants are very sensitive to
UV-B. The parameters related to photosynthesis were, there-
fore, measured in WT, glpl, and OsGLP1OE plants.
Compared to WT, the net photosynthesis rate but not the
stomatal conductance in glpl at the 6-leaf stage was de-
creased after transfer to growth under natural sunlight for 2
h from a controlled growth chamber deficient in UV-B, but
this decrease in net photosynthesis rate in glpl did not take
place after transfer to a glasshouse (without any supplemen-
tation of UV-B) for 2 h (Figure 3, A and B). Moreover, F,/F,
and Y (I) of glpl displayed a significant decrease after trans-
fer to growth under natural sunlight for 8 h. No significant
difference in F,/F, and Y (ll) was observed between WT
and glpl grown in a growth chamber under artificial light
without any supplementation of UV-B (Figure 3, C and D).
Taken together, these results suggest that there was more
damage to photosystem in the glpl under sunlight and are
also consistent with the suggestion that glpl may play a role
in UV-B acclimation.

The abundance and location of OsGLP1 are
unaffected by UV-B irradiation

To explore the role of OsGLP1 in UV-B signal transduction,
regulation of OsGLP1 by UV-B was investigated. Based on

the Western blotting results (Figure 4, A and B), there was
no significant difference in the levels of OsGLP1 whether
WT at the 4-leaf stage or 7-d-old OsGLP1-GFPOE seedlings
were exposed to 50-80 mW cm~2 of UV-B for 3 or 2 h, re-
spectively. Similarly, the abundance of UVR8 was also unaf-
fected by 3 mmol m—2 s~ UV-B, but UV-B could affect its
subcellular location (Kaiserli and Jenkins, 2007).

When leaf sheath from 7-d-old seedlings overexpressing
GLP1-GFP grown under white light lacking UV-B were exam-
ined using confocal microscopy, the fluorescence dots were
found mainly in the cell margins and a few in the cytosol
(Figure 4C), and some were moving during microscopic ob-
servation. There was, however, no obvious difference in the
localization of the fluorescence when the seedlings overex-
pressing GLP1-GFP placed under white light supplemented
with 50-80 mW cm~2 UV-B for 2 h during microscopic ob-
servation (Figure 4E). Plasmolysis of leaf sheaths using 30%
sucrose showed some dots were in the extracellular space
(Figure 4D), but fluorescence dots were mainly found in the
cytosol of protoplasts isolated from WT transfected with
pBI121-GLP1-GFP (Supplemental Figure S6).

OsGLP1 encodes a protein devoid of detectable SOD
activity and OxO activity

The amino acid sequence identity between OsGLPland a
GLP of wheat (TaGLPI) is 90% (Supplemental Figure S7).
Both have previously been reported to have SOD activity
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Figure 3 Knockout of OsGLP1 results in lower photosynthetic efficiency in glpl compared to those in WT plants transferred from white light to
natural sunlight. Determination of net photosynthesis rate (A), stomatal conductance (B), F,/Fr, (C), and Y (Il) (D) in leaves of WT, transgenic
plants overexpressing OsGLP1 (2, 9, and 11) and glp1 mutants (3, 4, and 8). All the plants were grown to the 6-leaf stage in a growth chamber (con-
ditions of the growth chamber: 600 mmol m~2 s~ white light, 0 mW cm~2 UV-B, 12 h, 30°C; dark, 12 h, 28°C). They were then exposed to different

experimental conditions as specified on the figure: under glasshouse conditions, natural sunlight (320—1080 mmol m~2 572, 21.1-112.9 mW cm

-2

UV-B, 26°C—29°C) or white light without supplementation of UV-B. From the comparative analysis of the data obtained under a specific experimen-
tal condition, the means = sp (n >4 plants) assigned with different letters were significantly different as determined by one-way ANOVA with the

means separation post hoc Student—Newman—Keuls test (P < 0.05).

(Segarra et al., 2003; Banerjee and Maiti, 2010). Here, using a
test-tube colorimetric enzyme assay and in-gel enzyme activ-
ity staining, no difference in SOD activity was found in the
crude protein extracts from WT, transgenic plants overex-
pressing OsGLP1 and glpl mutants placed under natural
sunlight for 8 h before SOD assay (Figure 5A; Supplemental
Figure S8). In contrast, OsGLP1 abundance displayed a sub-
stantial increase in GLP1OE plants and it was knocked out
in glpl (Supplemental Figure S1). No OxO activity could be
detected in leaves of WT, glpl, and GLP1OE plants using the
colorimetric method. Therefore, OsGLP1 was a protein that
lacked detectable activities of SOD and OxO. Moreover, 3,
3-diaminobenzidine (DAB) staining and nitrotetrazolium
blue chloride (NBT) staining showed that glpl had slight
lower contents of H,O, and O, ", respectively, than WT
and transgenic rice plants overexpressing OsGLP1 (Figure 5,
C and D).

OsGLP1 mutation causes reduced expression of
some genes in UVR8 signaling pathway and
increased MPK3 and MPK13 transcripts in MAPK
signaling cascade

To gain insight into the molecular basis of UV-B-dependent
glpl-related lesion mimic formation in rice, total RNA was
extracted for RNA-seq from leaves of WT and glpl at the

4-leaf stage transferred to growth under natural sunlight for
0 h, 4 h, and 8 h from a controlled growth chamber (12-h
dark at 28°C/12 h artificial light of 600 mmol m—2 s~* with-
out UV-B supplementation at 30°C). It was found that 304,
4538, and 4,215 genes were upregulated at least two-fold,
while 31, 3,194, and 4,562 genes were downregulated at least
two-fold in glpl compared with WT after exposure to 0 h, 4
h, and 8 h under natural sunlight, respectively (Figure 6).
The RNA-seq results suggest that transcriptional reprogram-
ming occurred in glpl prior to the onset of lesion formation
(Figure 6, A and B; Supplemental Figure S9A and
Supplemental datasets S1-8). The results of pathway enrich-
ment analyses revealed that the genes mainly involved in
photosynthesis, carbon metabolism, flavone, and flavonol
biosynthesis were affected in glpl (Figure 6C; Supplemental
Figure S9B).

Validation using RT-gPCR of the changes in the expression of
the following selected genes that seem to be associated with
UV-B exposure based on the RNA-seq results was carried out
(Figure 7, Supplemental Figure S10). cryptochrome 1a,
(OsCRY1a), phytochrome A (OsPhyA), phytochrome B (OsPhyB),
OsUVR8a, OsUVR8b, 0sCOP1, OsHY5 PHYTOCHROME-
INTERACTING FACTOR-LIKE 15-like (OsPIF3), chalcone synthase
1 (OsCHSL), pyridoxal 5'-phosphate synthase subunit PDX1.2
(OsPDX12),  deoxyribodipyrimidine  photolyase  (OsPHR),
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Figure 4 Effect of UV-B on GLP1 and GLP1-GFP protein levels as well as location. Protein gel blot, with OsGLP1-His antisera, of total protein
extracts from the leaves of WT (A) grown to 4-leaf stage under 600 mmol m~2 s~ white light in a growth chamber deficient in UV-B, and GLP1-
GFPOE seedlings grown in the dark on Murashige and Skoog (MS) medium for 7 d (B) before they were exposed to 600 mmol m~2 s~* white light
supplemented with or without 50-80 mW cm~2 UV-B for different times (hours). Confocal images of GFP fluorescence in leaf sheath of transgenic
plants expressing GLP1-GFP from the Ubi promoter grown in the dark on MS medium for 7 d before they were exposed to white light and white
light supplemented 50-80 mW cm 2 UV-B for 2 h (C and E, respectively); confocal images of GFP fluorescence in leaf sheath from GLP1-GFPOE
seedlings exposed to white light for 2 h, treated with 30% sucrose about 5 min (D). Bars =25 mm. Stars denote fluorescence in the cell, short
arrows and long arrows denote fluorescence in the plasma membrane and apoplast, respectively.

deoxyribodipyrimidine photolyase family protein-like (OsPHRL),
OsMKP1, MAPK OsMPK3, OsMPK6, OsMPK12, and OsMPK13 as
well as transcription factor MYB4-like (OsMYB4). At 0 h (the
time before the plants were transferred to natural sunlight),
there were no significant differences in the expression of these
genes except HY5, MPK3, MYB4, and PHYA between WT and
glpl. Following 8 h of exposure to natural sunlight, however,
these genes except COP1, MKP1, MKP12, and MPK6 were
clearly differentially regulated in glpl. The vast majority of the
RT-gPCR analyses are consistent with the RNA-seq results, and
the expression levels of most genes were synergistically regu-
lated by light and genotype (Supplemental Table S1).
Moreover, mutating MPK3 using CRISPR-Cas9 in glp1-8 plants

abated the formation of lesion (Supplemental Figure S11).
These findings further gave credence to the suggestion that
OsGLP1 seems to play an intriguing role in UV-B protection by
involving the modulation of expression of a range of genes in
UVR8-mediated and MAPK signaling cascade pathways.

Expression of OsGLP1 and genes associated with I1AA
metabolism modulated in glpl

Based on BLAST search of the protein databases, many GLPs in
rice can be classified into five phylogenetic subgroups
(Supplemental Figure S12) referring to Carrillo et al. (2009).
OsGLP1 belongs to the auxin-binding protein subgroup of
GLPs, although the only member of this subgroup in peach,
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Figure 5 OsGLP1 encodes a protein devoid of detectable SOD activity. The levels of SOD activity (A), in situ staining for detection of H,O, using
DAB (C), O, using NBT (D), and staining control (water only, B) in rice leaves of WT, transgenic plants overexpressing OsGLP1 (2, 9, and 11) and
glpl mutants (3, 4, and 8) grown in a growth chamber without UV-B (600 mmol m~2 s~ white light, 12 h, 30°C; dark, 12 h, 28°C) to the 5-leaf
stage and then exposed to natural sunlight for 8 h. The means =+ sb (n = 3) of SOD activity assigned with the same letter were not significantly dif-
ferent as determined by one-way ANOVA with post-hoc Student—Newman—Keuls test (P < 0.05).

Figure 6 RNA-Seq analyses revealed that many genes are regulated in the leaves of glp1 mutant transferred from white light to natural sunlight. In A and B,
numbers of genes that were upregulated and downregulated in the second leaf from bottom to top of glp1 seedlings by at least two-fold compared to those
in WT are shown, respectively. GO, G5, and G6 denote those in WT and glp1-4 grown in a growth chamber under 600 mmol m~2 s~ constant white light
without UV-B (12-h light, 30°C; 12-h dark, 28°C) to the 4-leaf stage and then transferred under natural sunlight for 0 h (600 mmol m~2s~%, 0 mW cm~—2
UV-B, 30°C), 4 h (1,440 mmol m~2s~% 174 mW cm ™2 UV-B, 37°C), and 8 h (810 mmol m~2 5%, 80.2 mW cm~2 UV-B, 35°C), respectively. Statistics of path-
way enrichment analyses of the differentially regulated genes in WT and glp1-4 grown under natural sunlight for 8 h (C). Scale bar denotes the q value.

ABP19/20, has been shown to bind auxin (Ohmiya et al,, 1998).
RT-gPCR analysis showed that although OsGLP1 transcripts were
detectable in various tissues, the expression was relatively stron-
ger in the leaf sheath, leaf, and stem of WT (Figure 8A). The ex-
pression levels OsGLP1 increased rapidly in the leaves of WT
following the treatment with IAA or NAA. The OsGLP1 tran-
script was about three-fold of that in control (treatment with
Kimura B complete nutrient solution only) after the treatment

with 1AA or NAA for 2 h (Figure 8, B and C). Based on the
results of RNA-seq, many genes related to IAA metabolism were
changed, including an increase in the transcripts of probable in-
dole-3-acetic acid-amido synthetase GH36 (OsGH36), GH38
(OsGH38), and auxin-responsive protein SAUR71 (OsSAURTL),
and a reduction in the transcripts of auxin response factor 15-like
(OsARF15), auxin-responsive protein  OslAA24, OslAA21, and
OslAAL3 in glpl exposed to natural sunlight for 4 h and 8 h
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Figure 7 RT-gPCR analysis of the expression of UV-B-associated genes regulated in glpl compared to WT. WT, transgenic plants overexpressing
OsGLP1 (2, 9, and 11) and glpl mutants (3, 4, and 8) were grown in a growth chamber under 600 mmol m~2 s~ constant white light (12-h light,
30°C; 12-h dark, 28°C) to the 4-leaf stage, then transferred to natural sunlight for 0 h (600 Imol m=2 s, 0 IW cm~2 UV-B, 30°C) and 8 h (891.3
Imol m2s7%, 964 IW cm~2 UV-B, 34°C), respectively, and the second leaf from bottom to top of the seedlings were harvested separately.
Expression levels of OsCRY1a (A), OsPhyA (B), OsPhyB (C), OsUVR8a (D), OsUVR8h (E), OsCOP1 (F), OsHY5 (G), OsPIF3 (H), OsCHS1 (1), OsPDX1.2
(9), OsPHR (K), OsPHRL (L), OsMPK3 (M), OsMPK12 (N), OsMPK13(0), and OsMYB4 (P) were analyzed and ACTIN was used an internal standard.
The mean gene expression levels + sp (n=23) in the different plants exposed to natural sunlight at 0 h were compared statistically and those
assigned with different letters were significantly different. The same analyses were performed with the plants exposed to natural sunlight for 8 h.
All analyses were determined using one-way ANOVA with the means separation post hoc Student—Newman—Keuls test (P < 0.05).

(Supplemental dataset S3). Moreover, in an assay of auxin-induced
gene expression in plant using pDR5: GUS reporter, the GUS stain-
ing in the leaf cushions of glpl grown under natural sunlight was
much lighter than that of WT, but nearly similar to that of WT
plants grown under artificial light without supplementation of
UV-B in a growth chamber (Supplemental Figure S13).

Discussion

UV-B is a trigger for the formation of leaf lesions
and changes in other growth parameters in glpl
The following lines of evidence support the notion that UV-
B is a trigger for the formation of lesions in glpl. At the 2-

leaf stage, brown spots began to appear in the leaves of glpl
mutants transferred from a growth chamber illuminated
with artificial white light deficient in UV-B to growth under
natural sunlight. In contrast, there was a notable reduction
in the number of lesions in the leaves of glpl grown under
natural sunlight filtered through a glasshouse. Although the
light intensity and temperature in the glasshouse were com-
parable to outdoors, the UV-B intensity in the glasshouse
was only about 20% of that in natural sunlight. Additionally,
when glpl mutants were placed in a glasshouse supple-
mented with UV-B, a reduction of lesions did not occur.
Upon transfer to a growth chamber supplemented with 50—
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Figure 8 Analysis of OsGLP1 expression using RT-gPCR. OsGLP1 expression in various tissues of booting stage rice (A) and in leaves of rice seed-
lings at the 5-leaf stage treated with 10 Imol L™ IAA (B) and 1 Imol L~ NAA (C) at various time points was analyzed and ACTIN was used as an
internal standard. The means = sp (n = 3) of gene expression levels assigned with different letters were significantly different as determined by

one-way ANOVA with Student—Newman—Keuls test (P < 0.05).

80 IW cm~2 UV-B, brown spots appeared in the leaves of
glpl, WT and GLP1OE plants exposed to UV-B 3 h, 5 h, and
7 h, respectively. In a prior study involving downregulation
of OsGLP1 using hairpin RNA silencing approach, lesions on
the leaves of the transgenic rice plants, and not the untrans-
formed control, were also apparent, but the possibility that
these would be lesion mimics was not recognized (Figure 3B
in Banerjee and Maiti, 2010). This was probably because the
transgenic plants were assumed to be infected by blast fungi
and sheath blight as the plants were grown under irrigation
in a region known to be disease-prone and the transgenic
plants were likely to be more susceptible to diseases com-
pared to the untransformed control (Banerjee and Maiti,
2010). This assumption may be, however, not the sole possi-
ble explanation for the lesions on the leaves. Since the
plants were grown outdoors, arguably the lesions found on
the rice leaves in this prior study could also be induced by
UV-B as shown in the present study. Besides, there was no
corroborative evidence that the transgenic plants in the
study of Banerjee and Maiti (2010) were diseased as they
were not inoculated with any sheath blight pathogen or
blast fungi.

Ultraviolet light has also been implicated in a prior study
of the lesion mimic rice mutant generated from deletion of
the heat stress transcription factor OsSpl7. When adult spl7
mutants were grown in summer under natural field condi-
tions (30°C—35°C), there was a high density of lesions on
the leaves. If ultraviolet light in solar radiation (presumably
UV-B) was filtered out, the number of lesions was drastically
reduced (Yamanouchi et al, 2002). Lesions were not ob-
served on the mutant plants grown in a controlled growth
chamber (26°C, artificial light), and only few lesions
appeared in a high-temperature growth chamber (35°C, arti-
ficial light). It seems, therefore, that high temperature and
ultraviolet light were both needed to trigger the spl7
mutants to produce a high density of lesions (Yamanouchi
et al, 2002). Other environmental factors including

temperature, light intensity, and sunshine duration have all
been previously shown to be associated with the formation
of lesions in rice leaves (Wang et al., 2005, 2015; Zhao et al.,
2017). For example, brown necrotic lesions appeared in the
mature leaves of antisense transgenic rice plants with re-
duced expression of a rice zinc finger protein (OsLSD1)
grown at low temperature (21.9°C) and short daylight (11—
12 h; Wang et al,, 2005). In the present study, however, high
light intensity and high temperature could not induce lesion
formation in the leaves of glpl mutants. UV-B seems, there-
fore, to be the only requisite trigger for the formation of leaf
lesions in glpl. Moreover, Arabidopsis uvr8-1 mutants
showed enhanced UV-B sensitivity including exhibition of
necrosis in the first true leaves and cotyledons compared to
WT when grown for 3 d under constant 0.2 k] UV-B. Leaf
necrosis was progressively more severe during 3 d of recov-
ery under white light deficient in UV-B (Kliebenstein et al.,
2002). In the present study, knockout of OsGLP1 may also
make rice plants more sensitive to UV-B as far as induction
of necrosis in the leaves and alteration of phenotype are
concerned.

Plants exposed to UV-B exhibit a dwarf phenotype as UV-
B can greatly inhibit hypocotyl and stem elongation (Jansen,
2002). The reduction in plant height has, therefore, become
an important parameter to determine the sensitivity of
plants to UV-B radiation. Additionally, UV-B can also affect
the growth and development of roots (Ge et al,, 2010; Yang
et al, 2020). Our results showed that the phenotype of glpl
was comparable with WT and OsGLP1OE seedlings under
white light deficient in UV-B (12 h of 600 Imol m—2 s~ ar-
tificial light at 30°C and 12 h of dark at 28°C). When grown
under natural sunlight, the plant height of glpl was, how-
ever, about 80% that of WT, and the root length was also
shorter than that of WT. The phenotype of OsGLP1OE seed-
lings was not significantly different from WT grown under
natural sunlight. In contrast, transgenic rice plants with
downregulated expression of OsGLP1 displayed semi-dwarf
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phenotype. Similarly, the cells of the stem were shorter and
lower in the length: width ratio in transgenic plants com-
pared to the control reported in a previous study (Banerjee
and Maiti, 2010).

After perceiving UV-B signal, UVR8 monomerizes and
interacts immediately with COP1, promoting the accumula-
tion of HY5/HYH (Vanhaelewyn et al, 2016). HY5/HYH
transcription factor could also control transcription and
translation of the auxin transport proteins PIN1 and PIN3 as
well as negative regulators of auxin signaling AXR2/IAAY,
IAA2, and SLR/IAA14 (Vanhaelewyn et al., 2016). In the pre-
sent study, RNA-seq analysis showed that the expression of
Aux/IAA family members such as OsIAA2, OsIAA3, OsIAA1Q,
OslAAL7, OslAA24, etc. was not significantly different from
WT before transfer to growth under natural sunlight, but
the expression levels of these genes in the leaves of glpl
were significantly lower than that in WT at 8 h after transfer
to growth under natural sunlight. In addition, the GH3 fam-
ily as a class of genes encoding enzymes that catalyze the
conjugation of IAA to amino acids to produce aminoacyl
compounds was significantly upregulated in the leaves of
glpl (Supplemental dataset S3). The transcript of PIFs was
also downregulated in glpl mutants (Supplemental dataset
S6). PIFs are direct regulators of the expression of a number
of genes including genes encoding auxin biosynthesis
(YUCB/YUCY9) and auxin signaling (AUX/IAA; Vanhaelewyn
et al, 2016). UV-B can inhibit auxin biosynthesis by trigger-
ing degradation of PIF4 and PIF5 and stabilizing DELLA pro-
teins (Hayes et al, 2014), and also inhibit auxin responses
through UVR8 (Yang et al,, 2020). UV-B can alter the expres-
sion of auxin-related genes in plants and cause changes in
plant morphological changes (Jansen, 2002). Under natural
sunlight conditions, glpl showed a typical auxin-deficient
phenotype with dwarf and increased angles of flag leaves, as
well as decreased auxin content in the leaf lamina. Similarly,
OsLC1 (OsGH3-1) function-acquired mutant Ic1-D also
showed dwarf plant phenotype, increased leaf angle, and a
decreased free auxin content in the leaf lamina (Zhao et al,,
2013). It seems that the alteration in plant height of glpl
mutants kept under natural sunlight may be due to UV-B-
mediated changes in the expression of auxin-related genes
in glpl mutants.

In addition, the net photosynthetic rate was also reduced
in glpl mutants after transfer to natural sunlight for 2 h,
but not transfer to a glasshouse for 2 h. F,/F,, and Y(Il) in
glpl also showed a significant decrease when the plants
were transferred to natural sunlight for 8 h. These two
parameters were not significantly different between WT and
glpl kept under white light deficient in UV-B. Additionally,
the RNA-seq analysis revealed that the expression levels of
genes associated with photosynthesis and photorespiration
were downregulated in glpl after transfer to natural sunlight
for 4 h and 8 h (Supplemental dataset S2). Similarly, F./F,
and UPSII were also decreased in uvr8 mutants compared
to WT exposed to elevated UV-B. It is well known that
some photosynthetic components are particularly
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susceptible to damage by UV-B, UVRS is known to promote
photosynthetic efficiency at elevated levels of UV-B (Davey
et al, 2012). These results in the present study strongly sup-
port that knockout of OsGLP1 resulted in increased sensitiv-
ity to UV-B.

OsGLP1 is involved in rice acclimation to UV-B
radiation: several genes with UV-B protective roles
show altered expression in the glpl mutant
Currently, UVR8 is the only known photoreceptor of UV-B.
After perceiving UV-B signal, UVR8 orchestrates the expres-
sion of a range of genes, such as HY5, flavonoid synthesis
genes, PHR and PDX, with vital functions in protecting
plants against UV-B and enables plants to survive in sun-
light. Accordingly, UV-B signal transduction in uvr8-1 has
been altered as shown by a lack of UV-induced accumula-
tion of flavonoids as well as CHS mRNA and protein which
is the committing enzyme for flavonoid biosynthesis
(Kliebenstein et al,, 2002), therefore, uvr8-1 and hy5 mutants
are highly sensitive to UV-B stress (Brown et al., 2005). In
rice genome, two proteins encoded by LOC4329648
(OsUVR8a) and LOC4335903 (OsUVR8b) share 74% and
75% sequence identity with the Arabidopsis counterpart
(AtUVRS). Based on RT-gPCR and RNA-seq analyses, there
was no significant difference in the expression of OsUVR8a
and OsUVR8b in the WT and glpl before transfer from a
growth chamber illuminated with artificial white light to
outdoors with sunlight. The expression of these genes was
significantly lower in the leaves of glpl than in WT after
transfer to sunlight for 8 h. Similarly, the level of CHS1
MRNA in glpl was also lower than in WT grown under sun-
light. Based on the RNA-seq analysis, the expression of genes
related to flavonoid  metabolism  (Os10g0317900,
051090317950,  0s1090320100,  0Os10g0320201, and
0s11g0530600) in the glpl was not different from in WT be-
fore transfer to outdoors with sunlight. The expression of
these five genes in the leaves of glpl was, however, signifi-
cantly downregulated compared to WT after 4 h and 8 h of
transfer to natural sunlight (Supplemental dataset S1).
Similarly, there is also a lack of UV-B-regulated expression of
CHS in uvr8-2 (Brown et al., 2005; Cloix et al.,, 2012).

In contrast to the expression of CHS1, the expression level
of OsMYB4 was upregulated in glpl at 8 h after transfer to
growth under natural sunlight. Plants overexpressing
AtMYB4 were more sensitive to UV-B. The mutation of
AtMYB4 resulted in increased levels of sinapate esters in
Arabidopsis leaves and UV-B tolerance. AtMYB4 expression
is down-regulated by exposure to UV-B light, suggesting
that repression of its expression is an important mechanism
for acclimation to UV-B in Arabidopsis (Jin et al, 2000).
Moreover, the induction of the OsPHR transcript in glpl
grown under natural sunlight was substantially reduced in
comparison with WT. This is consistent with a study of
Arabidopsis showing that the induction of AtPHR transcript
by UV-B was also substantially reduced in uvr8-2 and uvr8-6
mutants (Li et al,, 2015). PHR is the repair enzyme for UV-B-
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induced cyclobutane pyrimidine dimers which is a principal
cause of UV-B-induced growth inhibition in rice grown with
supplementary UV-B (Hidema et al., 2007; Teranishi et al,
2012). An increase in PHR activity can significantly alleviate
UVB-caused growth inhibition in rice and is essential for
protecting cells from UV-B radiation (Li et al., 2015). In addi-
tion, the expression level of OsPDX12 in glpl was also
downregulated. Pyridoxine biosynthesisl (PDX1) is a protein
involved in the synthesis of pyridoxine (vitamin B6) and
plays important functions in oxidative stress, photoprotec-
tion, and UV-B response (Chen and Xiong 2005; Ristild et al.,
2011). Accumulation of PDX1 under sunlight is modulated
by UVR8 (Morales et al., 2013). PDX1.2, MYB4, and PHR all
belong to the downstream signaling components of UVRS.
Therefore, OsGLP1 might be involved in the regulation of
some genes in UVR8 signaling.

UV-B stress is mediated by activating MAPK signaling
pathway. MKP1, MPK3, and MPK6 may play important roles
in UV-B signaling and is necessary for UV-B stress resistance
in Arabidopsis (Gonzélez Besteiro et al., 2011). The present
RNA-seq analysis showed that the expression levels of
MAPK-related genes (MPK6, MKP1, and MPK13) were similar
in glpl and WT grown under artificial white light deficient
in UV-B. The expression levels of OsMKP1, OsMPK3,
OsMPK6, OsMPK12, and OsMPK13 were, however, signifi-
cantly higher in the leaves of glpl than in WT grown under
natural sunlight for 4 h, while only the OsMPK3 and
OsMPK13 expression levels were much higher in glpl mu-
tant than in WT at 8 h (Supplemental dataset 1). Based on
the RT-gPCR analysis, the expression levels of OsMPK3 and
OsMPK13 were significantly higher in the leaves of glpl than
in WT grown under natural sunlight for 8 h. The expression
level of OSMPK6 was similar in glpl and WT. OsMPK6 shares
46% identify with AtMPK4 and has been shown to play a
critical role during early embryogenesis because T-DNA in-
sertion mutant of OsMPK6 is an embryo-lethal mutant (Yi
et al, 2016). OsMPK6 might not be involved in UV-B stress
response. Additionally, mutation of MPK3 in glpl mutants
could make its lesion lessened in response to solar irradia-
tion (Supplemental Figure S11). mkpl seedlings irradiated
with broadband UV-B for 3.5 h displayed bleaching and a
characteristic dark pigmentation. MKP1 can provide protec-
tion against UV-B-induced cell death by inhibiting UV-in-
duced MPK3 and MPK6 activities (Gonzalez Besteiro et al.,
2011), suggesting that the lesion formation in the leaves of
glpl might be related to MAPK signaling cascade.

In a previous study, TaGLPI, which shares 90% identity
with OsGLP1 is a protease inhibitor with SOD and AGPP ac-
tivity (Segarra et al., 2003; Mansilla et al, 2012). The results
in the present study, however, suggest that OsGLP1 is de-
void of SOD activity, AGPP activity, and protease inhibitor
activity based on the in-gel activity assays described by
Mansilla et al. (2012). Phylogenetic analysis of 52 GLPs in
plants showed that OsGLP1 belongs to the auxin-binding
protein subgroup (Supplemental Figure S12) and has a con-
served auxin-binding region Box A (Carrillo et al, 2009).
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However, only ABP19/20 in this subgroup has been shown
to bind auxin (Ohmiya et al., 1998). Arabidopsis GLP4 could
also bind IAA and 2, 4-D as well as its transcript could be
stimulated by 10 mmol L™ IAA (Yin et al, 2009). Like
AtGLP4, the expression of OsGLP1 could also be induced by
IAA and NAA under artificial white light, although it only
shares 43% identity with OsGLP1. In contrast to AtGLP4, an-
other GLP in Arabidopsis, PDGLP1, and shares 41% identity
with OsGLP1 localized in the plasmodesmata and was not
induced by exogenous IAA treatment. PDGLP1 could, how-
ever, interact with a non-cell-autonomous protein, NCAPP1,
as well as actin, a b-1, 3-glucanase, phosphate responsive 1,
and a putative ABC transporter. In addition, PDGLP1 could
also interact with PDGLP2 which is found in plasmodes-
mata-enriched cell wall protein fraction and a regulatory
component of root growth and development (Ham et al,
2012). GLPs AtGER1 and AtGER3 sharing 62% and 59% iden-
tities with OsGLP1 are also associated with extracellular ma-
trix, but part of AtGER1 was found in soluble fraction,
Membré et al. (2000) proposed that AtGER1, ATGER2, and
AtGER3 could be a class of receptors involved in physiologi-
cal, developmental processes and stress response. Moreover,
a GLP from pea displayed receptor activity for rhicadhesin
(Swart et al, 1994). Similarly, plasmolysis of leaf sheaths of
GLP1-GFP overexpressing plants showed that fluorescence
was found both intracellularly and extracellularly in a dot-
like manner. In addition, most GLPs reported up to now are
somehow associated with the extracellular matrix, more
than half of the GLPs contain a Arg-Gly-Asp/Lys-Gly-Asp
(RGD/KGD) tripeptide, which is also present in animal RGD-
containing proteins such as fibronectin and vitronectin. In
animals, these are adhesion proteins that participate in the
exchange of information between the outside and the inside
of the cells (Bernier and Berna, 2001). Like the above-men-
tioned GLPs, OsGLP1 is also associated with extracellular
matrix and contains the auxin-binding region Box A, sug-
gesting that some of the molecular mechanisms whereby
OsGLP1 may be involved in UV-B response in rice.

In conclusion, new insights about UV-B signal transduc-
tion in rice acclimating to UV-B have been obtained. The
results presented here suggest that OsGLP1 plays a role in
upregulation of UVR8 pathway and repression of the MAPK
pathway in response to UV-B. The precise mechanism un-
derpinning these two UV-B response pathways is still elusive
and warrants future investigations.

Materials and methods

Plant materials and growth conditions

Rice (Oryza sativa L) cv D) was used for generating OsGLP1
knockout mutants and OsGLP1 overexpressing transgenic
rice plants. Germinated seeds were grown in Kimura B com-
plete nutrient solution (Yoshida et al., 1976) under different
experimental conditions as described in the legend of each
figure. A plant growth chamber (Percival E-41HO) was fitted
with fluorescent lamps to supply artificial light. For supple-
mentary UV-B in some experiments, a UV-B lamp (G15T8E
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UV-B, with a radiation spectrum of 290—310 nm and a peak
at 306 nm, purchased from Sankyo Denki, Kanagawa, Japan)
was used. UV intensity was measured using a 742 UV light
meter (manufactured by Beijing Normal University, Beijing,
China).

Construction of OsGLP1 mutants and
OsGLP1-overexpression transgenic plants

OsGLP1 mutants were constructed using the CRISPR/Cas9 sys-
tem. First, the vector containing a CRISPR cassette comprising
a functional Cas9 under an Ubi promoter and two gRNAS
with targets at different locations of OsGLP1 was constructed
according to Ma et al. (2015). The vector was then introduced
into Agrobacterium tumefaciens strain EHA105 for transforma-
tion of DJ rice calli using the procedure as described in Hiei
et al. (1994). The mutation of OsGLP1 in transgenic plants
regenerated from the transformed rice calli was genotyped by
PCR amplification of the target region in DNA extracted from
their leaves. The primer sequences used for vector construction
and amplification of the target region are listed in
Supplemental Table S2. For OsGLP1OE vector construction, the
full-length OsGLP1 coding sequence was amplified using PCR
with the primers GLP1-O-L and GLP1-O-R (Supplemental Table
S2) and inserted into the pOx vector (provided by professor
Yao-Guang Liu, College of Life Sciences, South China
Agricultural University, China) containing an Ubi promoter.
The OsGLP1OE vector construct was introduced into
A. tumefaciens strain EHA105 for transformation of DJ rice
calli according to Hiei et al. (1994). For OsGLP1-GFP con-
struct, the full-length OsGLP1 coding sequence was inserted
into pBI121-GFP for rice protoplast transformation, and
OsGLP1-GFP coding sequence was inserted into pOx for con-
structing transgenic rice plants overexpressing OsGLP1-GFP.
Fluorescence signals were observed using WLL laser and
HyD detectors of Leica TCS SP8 STED 3X. The excitation/
emission filters utilized for fluorescence detection were 488/
501-549 nm for GFP, and the gains were 61%. The construct
pBI121-GLP1-GFP was then introduced into rice protoplasts
and the transfected rice protoplasts were sampled for GFP
fluorescence observation using argon laser and PMT detec-
tors of Zeiss LSM 7 DUO (Zhang et al., 2011). The excita-
tion/emission filters utilized for fluorescence detection were
488/493-546 nm for GFP, and 488/658—735 nm for chloro-
phyll autofluorescence, and the gains were 700 for GFP, 790
for GLP1-GFP, and chlorophyll autofluorescence.

Total RNA extraction and RT-qPCR analysis

Total RNAs were extracted from various tissues of WT
plants or OsGLP1 transgenic plants with Trizol and reverse-
transcribed following the manufacturer’s instructions
(Vazyme Biotech). RT-gPCR analyses were carried out using
a PTC200 (BIO-RAD) PCR machine and a SYBR green probe
(Bimake, China). The details of the primers used are given in
Supplemental Table S3. ACTIN was used as an internal stan-
dard and was amplified with gACTIN primers.
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Determination of photosynthetic parameters and
chlorophyll fluorescence

WT, GLP1OE plants and glpl mutants were grown to the 6-
leaf stage in a growth chamber (600 Imol m—2 s~* white
light, 0 IW cm~2 UV-B, 12 h, 30°C; dark, 12 h, 28°C), and
the plants were then placed under natural sunlight or glass-
house conditions for 2 h. The net photosynthetic rate (Pn)
and stomatal conductance of the third leaf from top to bot-
tom on each plant were determined using a Li-Cor Li-6800
portable photosynthetic apparatus (LI-COR, USA). The air
velocity in the system was set to 500 Imol s~ and a built-
in light source was used with the light intensity set to
800 Imol m—2 s~* The maximum photochemical efficiency
of photosystem Il (F,/F,,) and Y (lI) were determined using
a DUAL-PAMT700 chlorophyll fluorometer after plants were
placed under natural sunlight for 8 h or white light without
supplementation of UV-B light in a growth room.

SOD activity analysis and immunoblot analysis

WT, GLP1OE plants, and glpl mutants were grown in
Kimura B complete nutrient solution to the 5-leaf stage in a
growth chamber (600 Imol m—2 s~* white light, 0 IW
cm~2 UV-B, 12 h, 30°C; dark, 12 h, 28°C), before they were
transferred to natural sunlight for 8 h. Proteins for SOD as-
say were extracted using 50 mmol L~ PBS buffer (pH 7.8)
from leaves of individual transgenic lines and WT. The assay
mixture contained 0.3 mmol L™ riboflavin, 13 mmol L~ me-
thionine, 63 mmol L~ nitrotetrazolium blue chloride (NBT)
and the enzyme extract in a total volume of 3 mL. The reac-
tion mixture was incubated under 60 Imol m—2 s~ ! light
for 14 min at 25°C before the absorbance was measured at
560 nm. One unit (U) of SOD activity was defined as the
enzyme activity that brought about 50% inhibition of
photo-oxidative reduction of NBT, and specific SOD activity
was expressed as U/mg protein. In-gel detection of SOD ac-
tivity was performed according to Gucciardo et al. (2007).
The proteins from leaves were separated in 7.5% (m/v) na-
tive polyacrylamide gel, and then the gel was immersed in
20 mL of 50 mmol L™* PBS buffer (pH 7.8) containing
0.25 mg riboflavin, 4 mg NBT and 50 IL TEMED for about
30 min under light (100 Imol m~2 s™%) until visible bands
of enzyme activity could be observed. For immunoblotting
analysis, proteins were separated by electrophoresis in 13%
sodium dodecylsulfate polyacrylamide gel and then electro-
phoretically transferred to nitrocellulose paper. The
OsGLP1 proteins were detected using Escherichia coli-
expressed OsGLP1-His antiserum as the primary antibodies
(prepared in our laboratory), and the alkaline phosphatase-
conjugated goat anti-rabbit immunoglobulin (Sigma, St
Louis, USA) as the secondary antibodies. For visualization
of the OsGLP1, the nitrocellulose paper was immersed in
100 mmol L™ Tris—HCl buffer (pH 9.5) containing 100
mmol L™ NaCl, 5 mmol L~* MgCl,.6H,0, 02 mmol L~}
NBT, and 0.15 mmol L~* 5-bromo-4-chloro-3-indolyl phos-
phate-toluidine salt.
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In situ detection of hydrogen peroxide and
superoxide

Hydrogen peroxide (H,O,) accumulation was detected us-
ing 3, 3'-diaminobenzidine (DAB) staining according to
Thordal-Christensen et al. (1997), and superoxide anion
(O,7) was detected using NBT staining according to May
et al. (1996). Leaf blades of rice seedlings at the 5-leaf stage
were cut and immersed in 05 mg L' DAB solution (pH 38)
and 10 mmol L~ PBS buffer (pH 7.8) containing 05% NBT, re-
spectively, under white light (100 Imol m~2 s~%) until staining
could be observed. Chlorophyll was then removed from the leaf
blades by immersing them in industrial-grade alcohol while kept
in a boiling water bath.

RNA-seq

The WT and glpl mutants were grown to the 4-leaf stage in a
growth chamber (600 Imol m~2 s~ white light, 12 h,
0 IW cm~2 UV-B, 30°C: dark, 12 h, 28°C), and then trans-
ferred into natural sunlight. The RNA used for RNA-seq
analysis was extracted using Trizol from the leaves of WT
and glpl mutants placed under natural sunlight for 0 h
(8:00, 600 Imol m~—2 s, 0 IW cm~2 UV-B, 30°C), 4 h
(1440 Imol m~2 s7! 174 IW cm~% UV-B, 37°C), and
8 h (810 Imol m—2 5%, 80.2 IW cm~2 UV-B, 35°C). RNA-
seq libraries were constructed using the New England
Biolab Next Ultra RNA Library Prep Kit for lllumina follow-
ing manufacturer’s instructions. RNA-Seq libraries were se-
quenced on an lllumina HiSeq xTen sequencer to generate
150 bp paired-end reads. The resulting clean reads were
mapped to O. sativa reference genome (IRGSP_1.0) using
TopHat2 with default parameters. Differential expression
analysis of glpl and WT was performed using the DEseq
and the differentially expressed genes were identified using
fold change >2 and FDR <0.01 as significance cutoffs.

Statistical analysis

Except RNA-seq and the construction of transgenic plants,
all experiments were performed two times, and the data
were statistically analyzed using MS Excel for Windows. The
values in the figures are means =+ sp, and significant differen-
ces among various treatments were analyzed using the Spss
22 analytical software.

Accession numbers

Sequence information of major genes/proteins mentioned in
this article can be found in the National Center for
Biotechnology Information by the accession numbers in
Supplemental dataset 9.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Molecular evaluation of glpl
mutants generated by CRISPR-Cas9 system.

Supplemental Figure S2. Measurement of cell death in
the leaves of glpl mutants.
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Supplemental Figure S3. Appearance of the lesion mimic
on leaves of the glpl mutants at different development
stages.

Supplemental Figure S4. The effect of growth conditions
on the lesion mimic on leaves of glpl mutants.

Supplemental Figure S5. Characterization of rice glpl
mutants grown under natural condition and in glasshouse.

Supplemental Figure S6. Subcellular location of OsGLP1
in rice protoplast.

Supplemental Figure S7. Alignment of amino acid
sequences of OsGLP1 with its homologues.

Supplemental Figure S8. Profiles of SOD isoforms in rice
leaves.

Supplemental Figure S9. RNA-Seq analyses.

Supplemental Figure S10. The effect of mutation in
OsGLP1 on the transcript levels of MKP1 and MPK®.

Supplemental Figure S11. Appearance of the lesion
mimic on leaves of glpl, mpk3, and glpl mpk3 mutants.

Supplemental Figure S12. Phylogenetic analysis of
OsGLP1 homologs in rice.

Supplemental Figure S13. Assay of IAA content using
pDR5; GUS staining.

Supplemental Table S1. Results of RT-gPCR data ana-
lyzed using 2-way analysis of variance.

Supplemental Table S2. Primer sequences used for vector
construction and amplification of the target region.

Supplemental Table S3. Primer sequences used for RT-
gPCR.

Supplemental datasets S1-9. List of genes regulated in
glpl compared to WT.
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Key message OsIAAGLU could catalyze the reaction of IAA with glucose to generate IAA-glucose. Overexpression
of OsIAAGLU in rice resulted in altered rice shoot architecture and root gravitropism.

Abstract The distribution and levels of indole-3-acetic acid (IAA) within plant tissues are well known to play vital roles
in plant growth and development. An important mechanism of regulating free IAA levels in monocots is formation of IAA
ester conjugates. In this study, a cytosol-localized protein encoded by the rice gene of indole-3-acetic acid glucosyltrans-
ferase (OsIAAGLU) was found to catalyze the reaction of free IAA with glucose to generate IAA-glucose. Expression of
OsIAAGLU could be induced by IAA and NAA. The number of tillers and leaf angle was significantly increased with a
concomitant decrease in plant height and panicle length in the transgenic rice lines overexpressing OsIAAGLU compared
to the wild-type (WT) plants. Phenotypes of iaaglu mutants constructed using the CRISPR/Cas9 system had no obvious
differences with WT plants. Furthermore, overexpression of OsIAAGLU resulted in reduced sensitivity to IAA/NAA and
altered gravitropic response of the roots in the transgenic plants. Free IAA contents in the leaves, root tips, and lamina joint
of OsIAAGLU-overexpressing transgenic lines were lower than those of WT plants. These results support that OSIAAGLU
could play a regulatory role in IAA homeostasis and rice architecture.

Keywords Auxin - Dwarf phenotype - Gravitropic response of the roots - Leaf angle regulation - TAA glucosylation -
OsIAAGLU

Introduction

Auxin plays vital roles in multiple processes of plant growth

and development. The balance of endogenous IAA is regu-
lated by a series of processes including biosynthesis, oxi-
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auxin in plants, play a key role in regulating the availabil-
ity of endogenous free IAA. The two major forms of IAA
conjugates are JAA-amido conjugates and IAA esters. In
Arabidopsis, approximately 90% of total IAA is stored in the
form of amide conjugates, mainly in the form of IAA-Asp
and TAA-Glu. However, in monocots including maize and
rice, IAA conjugates are mainly in the form of IAA esters,
and about 62-70% total IAA occur as IAA esters in rice
seeds (Bandurski and Schulze 1977; Hall 1980). Additional
insights about IAA conjugate formation have been obtained
from further studies on IAA signal regulation pathway. In
particular, some amino transferase genes related to IAA-
amido compounds have been cloned and characterized. For
example, the GH3 family, an auxin early response gene fam-
ily encodes an IAA-amido synthetase, which can catalyze
conjugation between some amino acids and free IAA. This
could be a mechanism to maintain the balance of endog-
enous auxin levels in plants for normal plant growth. The
plants of a rice gain-of-function mutant, t/d1-D (OsGH3-
13), are dwarf with enlarged leaf angle and increased till-
ers (Zhang et al. 2009). Overexpression of OsGH3-1 can
promote cell elongation at the adaxial surface of the leaf
lamina joints and increase leaf angle (Zhao et al. 2013).
OsGH3-2 was also reported to be involved in regulating
leaf angle as plants overexpressing OsGH3-2 displayed a
dwarf phenotype, enlarged leaf angle, shorter panicles, and
smaller crown roots (Du et al. 2012). These phenotypic fea-
tures were typical of plants deficient in free IAA. An auxin
response factor OsARF11-deficient mutant, osarflI-1,
showed a significant dwarf phenotype and small leaf angle.
Concomitantly, the expression levels of other genes related
to IAA, OsGH3-1 and OsIAAI, were reduced significantly
(Sakamoto et al. 2013). Furthermore, another auxin response
factor, OsARF19, is also associated with regulation of leaf
angle by positively modulating OsGH3-5 and brassinoster-
oid insensitive 1 (OsBRII) expression and thereby changing
free IAA content (Zhang et al. 2015). Thus, the available
evidences support that endogenous availability of IAA in
rice is important in the regulation of leaf angle.

UGT84B1, UGT74E2, and UGT74D1 of Arabidopsis have
been determined to encode auxin glucosyltransferases. How-
ever, there were some differences in their glucosylating activ-
ity towards IAA and IBA. While UGT84B1 has high activity
towards IAA, with a significant activity towards IBA and IPA
(Jackson et al. 2001), UGT74E2 and UGT74D1 prefer IBA
to [AA as the conjugation substrate (Tognetti et al. 2010; Jin
et al. 2013). Moreover, UGT74D1 can also catalyze the reac-
tion between OxIAA (2-oxindole-3-acetic acid) and UDPG
forming OxIAA-Glc, and has a higher affinity and specificity
towards OxIAA than IAA (Tanaka et al. 2014). Overexpres-
sion of these genes in Arabidopsis resulted in an obvious phe-
notype of deficiency in free auxin. For example, transgenic
Arabidopsis plants overexpressing UGTS84B1 showed curly
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leaf blades, increased shoot branching, and were dwarf at
maturation (Jackson et al. 2002). The plants overexpressing
UGT74E?2 exhibited a compressed rosette and shorter stature
(Tognetti et al. 2010). Meanwhile, the leaves of UGT84B1
and UGT74D1 overexpression lines were curled compared
with those of the wild type (Jackson et al. 2002; Jin et al.
2013). ZmIAAGLU is the first reported glucosyltransferase
catalyzing conjugation between UDPG and IAA. This would
result in the formation of IAA—glucose as an intermediate
product for IAA storage in maize (Szerszen et al. 1994).
Overexpression of ZmIAAGLU in Arabidopsis resulted in the
transgenic plants displaying shorter roots, curly leaf blade,
and insensitivity to IAA while their response to IBA and 2,
4-D was not altered (Ludwig-Miiller et al. 2005). Therefore,
these studies in Arabidopsis support the notion that auxin
glucosylation plays important roles in regulating auxin home-
ostasis and plant development. However, there are a few stud-
ies on [AA—ester conjugates in monocots.

In the rice genome database, OsTAAGLU shows 67% iden-
tity with ZmIAAGLU at the amino acid sequence. Transgenic
plants overexpressing OsIAAGLU (0Os03g0693600) exhibit an
increased number of tillers and panicles, which reduced plant
height and shorter spikes (Choi et al. 2012). However, it has
never been established whether OsIAAGLU could influence
leaf angles and other aspects of plant architecture (particularly
root gravitropic response). In addition, it is not known if Osl-
AAGLU could regulate IAA content in rice. The present study
adds new insight about the mechanisms, whereby OsIAAGLU
plays a role in modulating plant architecture in rice.

Materials and methods
Quantitative real-time PCR (qRT-PCR) analysis

gRT-PCR analysis was performed to compare the expres-
sion levels of OSIAAGLU in wild-type (WT) rice plants
(Dongjin background), transgenic and mutant plants. Total
RNAs were extracted from various tissues of the plants
with Trizol (Takara) and reverse-transcribed with HiScript
first strand cDNA synthesis kit following the manufac-
turer’s instructions (Vazyme Biotech). qRT-PCR analyses
were carried out using a PTC200 (BIO-RAD) machine
with a SYBR green probe (Bimake). The primers used
for expression analysis of OsIAAGLU were qIAAGLU-L
and q/AAGLU-R (Supplementary Table 1). ACTIN was
amplified with primers gACTIN-L and qACTIN-R (Supple-
mentary Table 1) and used as an internal positive control.

Vector construction and plant transformation

The primer sequences used for vector construction are
listed in Supplementary Table 1. For OsTAAGLUOE vector
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construction, the full-length OsIAAGLU coding sequence
was amplified by RT-PCR and introduced into pOx vector
(a gift from professor Yao-guang Liu, College of Life Sci-
ences, South China Agricultural University) containing the
ubiquitin (Ubi) promoter. OsIAAGLU was PCR-amplified
with the primers JAAGLU-O-L and JAAGLU-O-R (Supple-
mentary Table 1). Then, the construct was introduced into
Agrobacterium tumefaciens strain EHA105, which was used
for transforming rice calli according to Hiei et al. (1994). For
OsIAAGLU-GFP construct, the full-length OsIAAGLU cod-
ing sequence was introduced into pYL322-d1-eGFPn and
pYL322-d1-eGFPc, respectively. Then, each construct was
introduced into rice protoplasts and then the transfected rice
protoplasts were sampled for GFP fluorescence observation
using a ZEISS LSM7 DUO microscope. OsIAAGLU mutants
were constructed using the CRISPR/Cas9 system (the vec-
tors pYLCRISPR/Cas9-MTmono, pYL-OsU3-gRNA and
pYL-OsU6a-gRNA were supplied by professor Yao-guang
Liu). First, the vector containing a CRISPR cassette with a
functional Cas9 under Ubi promoter and two gRNAs tar-
geting at different locations of OsIAAGLU was constructed
according to Ma et al. (2015). This vector construct was then
introduced into A. tumefaciens strain EHA105 for transfor-
mation of Dongjin. The mutation of OsIAAGLU in the plants
was genotyped by PCR amplification of the target region in
DNA extracted from the leaves using the appropriate primers
(Supplementary Table 1) and sequenced. T2 homozygous
hygromycin-sensitive mutants were used further analyzed.

Assay of IAA content using HPLC and pDR5: GUS
staining

IAA content was assayed using HPLC according to Zhao
et al. (1994) with modifications. Fresh rice young leaves
were ground in liquid N in dim light to powder which was
mixed with 100% methanol (1: 5, w/v). The homogenate was
stored at 4 °C overnight, and then centrifuged at 12,000 rpm
for 15 min. The supernatant obtained was kept at — 80 °C
for 12 h before it was centrifuged again (12,000 rpm for
15 min) and passed through a 0.22 um organic membrane
filter. The filter could be used for determination of IAA con-
tent by HPLC. Reversed-phase HPLC was carried out on an
Agilent HPLC system. Ten microliters of the sample was
injected onto an Agilent C18 column (250X 4.6 mm, 5 pm)
and separated at a flow rate of 1 mL/min over 30 min. The
mobile phase comprised solvent A which was 1% acetic acid
containing 0.02 M NaH,PO, and solvent B (100% metha-
nol). The HPLC conditions were as follows: UV detection at
254 nm; solvent A: solvent B was 55%: 45% (v:v); and the
column temperature was 25 °C.

Construction of hybrids Dongjin as well as JAAGLUOE3
containing pDR5:GUS was obtained by crossing pDR5: GUS
plants (Zhu et al. 2012) as the male parent with wild-type

(WT), OsIAAGLU overexpression plants {AAGLUOE23) as
the female parent, respectively. GUS staining was performed
according to Jefferson et al. (1987) and photographed using
OLMYPUS BX51 (DIC) when the roots of F, seedlings
were 1 cm long. GUS staining in the lamina joints was also
carried out at the booting stage and photographed by KEY-
ENCE VHX-5000 microscope.

Glucosyltransferase activity assay of OsIAAGLU

Glucosyltransferase activity was determined according to
Jackson et al. (2001). Crude protein extracts were prepared
from 0.2 g fresh leaves of WT rice seedlings and JAAGLUOE
plants by adding 1% polyvinylpolypyrrolidone (w/w) and
0.6 mL of 25 mM Tris-MES buffer (pH 6.5) containing
10% (v/v) glycerol and 20 mM mercaptoethanol, respec-
tively. Subsequently, the homogenate was centrifuged at
12, 000 rpm at 4 °C for 15 min. The supernatant containing
0.6 mg protein was added into a 200 pL reaction containing
100 mM MES at pH 7.0, 1 mM IAA, and 5 mM UDPG. The
reaction mixture was incubated at 30 °C for 2 h and termi-
nated by 20 uL of 10% TCA. Ten microliters of this enzyme
mixture was analyzed subsequently using reverse-phase
HPLC with a UV detector at 230 nm. The mobile phases of
HPLC system comprised solvent A (0.01% phosphonic acid
in 100% methanol) and solvent B (0.01% phosphonic acid in
water). Products were eluted with 10~70% solvent B at a col-
umn temperature of was 30 °C. The new peak in the HPLC
assay was further analyzed using an Agilent LC-MS system
UPLC1290-6540B Q-TOF. The mobile phases of the HPLC
system comprised solvent A (acetonitrile) and solvent B
(0.2% formic acid in water). The sample (15 pL) was injected
onto an Agilent C18 column (250 4.6 mm, 5 pm) and eluted
with solvent A: solvent B=70%: 30% at a flow rate of 1 mL/
min for 23 min. The mass spectrometer was operated in a
positive electrospray ionization mode with 120 V and a probe
voltage of 4.0 kV. Gas temperature and SheathGas tempera-
ture were set at 300 °C and 350 °C, respectively. The data
acquisition and analysis was performed with Xcalibur.

Analysis of gravitropic response of roots

Gravity response of rice roots was measured using seed-
lings planted in plates containing 1/2 MS medium (pH 5.8)
at 28 °C. Rice seeds were dehusked and surface sterilized
with 0.1% HgCl, for 15 min, and then washed 5-6 times
with autoclaved deionized water. Images were taken after
the seedlings were grown for 5 days.

Statistical analysis

For each treatment, data were statistically analyzed using
MS Excel for Windows, values in figures are means + SD,
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and significant differences between various treatments were
analyzed using the DPS v6.55 (DPS Soft Inc., Tang, Hang-
zhou, China) analytical software.

Results
Induction of Os/IAAGLU by exogenous IAA/NAA

In a search of the rice genome database, a protein encoded
by OsIAAGLU gene was found to have 67% amino acid
sequence identity to a maize IA A-glycosyltransferase called
ZmIAAGLU which is known to be involved in IAA conju-
gation. Quantitative RT-PCR analysis showed that within
2-6 h of exogenous auxin (10 uM TAA or 1 uM NAA) treat-
ment, the expression of OSIAAGLU was up-regulated in the
leaves of 14-day-old rice seedlings (Fig. 1). The response to
NAA was, however, earlier and many times greater than [AA
(Fig. 1). Similarly, GH3 genes also respond to exogenous
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auxin fast, and the transcript was increased more than ten
times within 1 h (Zhang and Peer 2017).

Overexpression of OsIAAGLU results in altered plant
architecture

Transgenic rice lines with the Dongjin background overex-
pressing OsIAAGLU exhibited elevated transcript levels of
OsIAAGLU (Fig. 2a). The transgenic plants were shorter
than the WT plants (Supplementary Figs. 1A and 1C)
and exhibited exaggerated leaf angles at the 5-leaf stage
compared to the WT plants (Supplementary Figs. 1A and
1B). Similarly, in mature plants, the flag leaf angles were
also significantly increased (Fig. 3a, b), while the length
of culms (Fig. 3c) were decreased compared to the WT
plants; moreover, tillers increased and the length of panicles
as well as plant height reduced (Fig. 3a) which are similar
to Choi et al. (2012) reported. OsIAAGLU in the Dongjin
background was mutated using the CRISPR-Cas9 system
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Fig.3 Phenotypes (a) at the filling stage, and leaf angle (b, n>12)
at booting stage, as well as the length of each internode (c, n>25)
at dough stage of wild-type (WT), plants overexpressing OsIAAGLU

(Fig. 2b). There were no significant differences in OsIAA-
GLU transcript abundance (Fig. 2a), leaf angle (Fig. 3b),
and length of each internode (Fig. 3¢) between the mutant
lines (iaaglu-c2 and ¢9) and the wild-type plants. At the
5-leaf stage, there were also no significant differences in
these growth parameters between the WT and iaaglu mutant
plants (Supplementary Figs. 1A—C). Similarly, no obvious
changes in leaf angle were also observed between wild-
type plants and transgenic plants with suppressed OsGH3-
1 expression, although overexpression of OsGH3-1 can
make leaf angle increased significantly (Zhao et al. 2013),
seedlings, and adult plants of AtGH3.15 which may play
its role in auxin homeostasis by modulating the levels of
IBA knockout plants also displayed similar phenotypes with
wild-type plants (Sherp et al. 2018).

OsIAAGLU encodes a cytosol-localized
IAA-glycosyltransferase

OsIAAGLU encodes a putative UDPG glycosyltransferase,
but its activity and substrate have not been demonstrated
experimentally. As ZmIAAGLU has been reported to glu-
cosylate auxin (Szerszen et al. 1994), we examined whether
OsIAAGLU could glucosylate IAA/IBA in an in vitro assay
using UDPG as the glucose donor and the resulting product
was analyzed using HPLC. When IBA was used as the sub-
strate, the HPLC peaks were the same whether rice leaf pro-
teins from wild-type or the transgenic plants overexpressing
OsIAAGLU were present in the glycosyltransferase reaction
mixture (Supplementary Fig. 2). In contrast, the peak related
to IAA conjugation was significantly higher when IAA was
added as the substrate to the glycosylation reaction mixture
containing UDPG and leaf proteins from OsIAAGLU over-
expression (JAAGLUOE3 or JAAGLUOES) plants than the
reaction mixture with proteins from WT plants, but the peak

(3 and 5) and iaaglu mutants (c2 and c9). Double asterisk indicates
statistical difference at P <0.01 compared to WT based on Student’s
1 test

could not be observed if no UDPG was present in the reac-
tion mixture (Fig. 4a). Further analysis of this HPLC peak of
the IAA-related reaction product by ESI mass spectrometry
yielded (M +Na)* = 360.1055 and (M + H)* = 338.1238
(Fig. 4b), showing that the elemental composition of the
reaction product as C;sH,;o(NO, because authentic IAAGlu
yielded (M) * of 337.118 and (M +Na) * of 360.113, which
corresponded to C;sH,yO,N and C,;H,,0O,NNa, respectively
(Keglevi¢ 1971).

It was found that the reduced IAA level from incuba-
tion with proteins from the wild-type (WT) plants was sig-
nificantly lower than the OsIAAGLU overexpression plants
(Fig. 4c¢). In contrast, there was no significant difference in
the reduction in the IBA levels among the WT and OslI-
AAGLU overexpression plants, suggesting that OsTAAGLU
could only catalyze the reaction between IAA and UDPG
(Fig. 4c).

Transient expression of GFP alone in rice protoplasts
resulted in uniformly distributed fluorescence (Supplemen-
tary Fig. 3). However, fluorescence from transient expres-
sion of OsIAAGLU-GFP or GFP-OsIAAGLU in rice proto-
plasts was limited to the cytoplasm (Supplementary Fig. 3),
suggesting that OsIAAGLU is localized in the cytoplasm.

Overexpressing OsIAAGLU reduced IAA amount
inrice plants

As OsIAAGLU encodes an IAA glucosyltransferase, we
examined whether auxin homeostasis was affected in trans-
genic OsIAAGLU plants. The free IAA contents (assayed
using the HPLC method) in the young leaf blades of two
OsIAAGLU-overexpressing transgenic lines JAAGLUOE3
and JAAGLUOES) were lower than that of WT (Fig. 5a).
Moreover, the endogenous TAA distribution was also ana-
lyzed by comparing GUS expression levels in the transgenic
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Fig.4 HPLC and LC-MS analysis of the product from reaction
between IAA and UDPG. a HPLC analysis of product in the reac-
tion was added with (red) or without (blue) UDPG and protein from
leaves of rice wild-type (left) and JAAGLUOES (right) seedlings. The
arrow indicated a new peak. b LC-MS analysis of the peak indicated

Fig.5 HPLC analysis of IAA content in young leaves of wild-type
(WT) and OsIAAGLU overexpression (3, 5) plants at 5-leaf stage (a,
relative JAA contents are shown with the wild-type content set to
100%; n>3), and pDRS: GUS staining analysis of IAA content in the
lamina joints (b, scale bar, 500 um) at the booting stage and in root

plants harbouring the auxin reporter pDR5: GUS in the
background of WT and OsIAAGLU-overexpressing plants
(IAAGLUOE3), respectively. Lower GUS expression was

@ Springer

by the arrow in (a). ¢ Reduced IAA/IBA was assayed after IAA/IBA
was incubated with proteins from wild-type (WT)/OsIAAGLU over-
expression (3 and 5) plants and UDPG for 2 h (double asterisk indi-
cates statistical difference at P<0.01 compared to WT based on Stu-
dent’s ¢ test, n>3). (Color figure online)

tips of 5-day seedlings (¢, scale bar, 50 um) of hybrid plants obtained
by crossing pDR5: GUS plants as the male parent with WT plants,
OsIAAGLU overexpression plants (JAAGLUOE3) as the female par-
ent, respectively

observed in the lamina joints and root tips of OsIAAGLU-
overexpressing transgenic line (OsIAAGLUOES3) than that
of WT (Fig. 5b, c).
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Fig.6 Relative root length of
wild-type (WT), OsIAAGLU
overexpression (3 and 5)

104

seedlings and iaaglu mutants
(c2 and ¢9) treated with Kimura
nutrient solution containing
200 nM IAA or 10 nM NAA

in the dark for 7 days (double
asterisk indicates statistical
difference at P <0.01 based on
Student’s ¢ test, n>17)

Relative root length (%)

8

2

Relative root lengih (%)

g & & B8

WT 3 5

L]

c2 c WT 3 5 cl c?

TAAGLIOE
Lines

Fig.7 Germinated seeds of
wild-type (WT), OsIAAGLU
overexpression (3 and 5) plants
and iaaglu mutants (c2 and c9)
were cultured on Murashige
and Skoog medium (1962) for
5 days under light (left) or in
the dark (right). Gravity (g) is
indicated by a downward arrow

OsIAAGLU-overexpressing plants were insensitive
to exogenous IAA/NAA and exhibited reduced root
gravitropism

The response of WT and OsIAAGLU-overexpressing
transgenic plants as well as iaaglu mutants to exogenous
IAA/NAA was examined further. The growth of the semi-
nal roots of two OsIAAGLU-overexpressing transgenic
lines of rice seedlings was insensitive to exogenous IAA/
NAA in comparison with WT plants, while no signifi-
cant difference was observed in the sensitivity to IAA/
NAA between iaaglu (c2 and c9) mutants and WT plants
(Fig. 6). Intriguingly, the gravitropic response of roots was
remarkably reduced in both light- and dark-grown OsIAA-
GLU-overexpressing transgenic plants (JAAGLUOE3 and
TAAGLUOQEYS). However, the shoots of OsIAAGLU-overex-
pressing transgenic lines exhibited negative gravitropism
in a normal manner (Fig. 7).

iaugiu fAAGLUOQE Laagl

Lines

Discussion

The finding that 67% of OsIAAGLU sequence is the same
as that of the maize ZmIAAGLU suggests that the rice
OsIAAGLU is likely to encode a protein (OsIAAGLU) with
a similar function as the ZmIAAGLU, which catalyzes
the reaction between UDPG and IAA forming IAA—glu-
cose conjugate (Szerszen et al. 1994). The present results
also showed that OsIAAGLU could catalyze the reaction
between UDPG and TAA. It was, therefore, hypothesized
that OsIAAGLU plays a role in regulating free IAA content
in rice plants. The following findings in the present inves-
tigation are consistent with this. First, free [AA contents in
the young leaves of OsIAAGLU-overexpressing transgenic
rice lines were lower than that of WT by HPLC analysis.
Second, the result of the pDR5: GUS staining showed that
there appeared to be a reduction in IAA contents at the
lamina joints and root tips of OsIAAGLU-overexpressing
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transgenic lines. Finally, overexpression of OsIAAGLU
resulted in reduced sensitivity of the roots of the trans-
genic plants to exogenous IAA/NAA. Moreover, OsIAA-
GLU expression in the leaves was induced by exogenous
addition of IAA or NAA.

The distribution and levels of auxin within plant tissues
are well known to be associated with plant architecture
determination. Plants overexpressing OsIAAGLU exhib-
ited typical phenotypes associated with a reduction in free
IAA content: enlarged leaf angle, dwarf plants, and shorter
panicles compared to WT, corroborating with the sugges-
tion that OSIAAGLU could play a role in the regulation of
free IAA content in rice. The present results confirmed and
extended another prior study, showing that there was a sig-
nificant increase in the number of tillers, while there was a
decrease in plant height and panicle length in transgenic rice
overexpressing OsIAAGLU (Choi et al. 2012). However, the
relationship between leaf angle regulation and OsIAAGLU
expression levels as well as the mechanism underpinning the
regulation of leaf angle by OsIAAGLU were not investigated
in this previous study.

Leaf angle regulation is an important rice breeding goal
and many studies have implicated the relationship between
IAA content and leaf angle regulation. Prior to the present
study, IAA responsive factor, OsARF19, has been shown to
be able to change free IAA content and regulate leaf angle
by modulating the expression of OsGH3-5 and OsBRI1 posi-
tively (Zhang et al. 2015). Similarly, IAA content was lower
in the lamina joints of OsGH3-13 gain-of-function mutant
tld1-D and OsGH3-5 overexpression plants with enlarged
leaf angle phenotype than in the WT plants (Zhang et al.
2009, 2015). Moreover, overexpression of [AA-amido syn-
thetase gene GH3-1 also results in a reduction in free [AA
content and enlarged leaf angle (Zhao et al. 2013). Here,
reported for the first time, OSIAAGLU is also involved in leaf
angle regulation correlating with its ability of modulating
free IAA content in rice. Taken together, perturbed auxin
homeostasis including, as shown here, overexpression of
OsIAAGLU, could play a key role in the architectural phe-
notype of rice plants.

Formation of auxin conjugates is an important mecha-
nism in maintaining the auxin homeostasis. In rice, interfer-
ing IAA homeostasis can lead to abnormal facets in plant
growth and development resulting in significant alterations
in plant architecture. In addition to the alteration of leaf
angle and plant height, stem elongation (another impor-
tant agronomic trait) was also affected. Stem elongation
is dependent on the concentration of and/or sensitivity to
phytohormones. In rice, stem or internode elongation was
mainly affected by GA, IAA, ABA, and ethylene. Transgenic
rice plants overexpressing OsIAAGLU exhibited a dwarf
plant phenotype, which may be due to reduced IAA content
and sensitivity to IAA. This finding in the present study is
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consistent with the findings in the following previous stud-
ies. Reduced IAA content in the node of the rice tld1-D
mutant resulted in impeding cell division, thereby affecting
the elongation of stem and leading to dwarf plants (Zhang
et al. 2009). Similarly, overexpressing UGT84B1 Arabidop-
sis plants displayed reduced sensitivity to IAA and pheno-
type associated with reduced IAA content, such as dwarf
stature, increased branching, and curly leaf blade (Jackson
et al. 2002). GH3.6 encodes an IAA-amino acid conjugate
synthetase, which catalyzes a committed step in the amino
acids conjugating to IAA pathway, and ectopic expression
of GH3.6 displays the low-auxin phenotype in Arabidopsis
(Staswick et al. 2005).

Intriguingly, the gravitropic response of roots in plants
overexpressing Os[AAGLU was unexpectedly found to
be remarkably negative as the roots could not grow verti-
cally downwards. This was correlated with a reduction
in pDR5:GUS staining in the root tips compared to WT
(Fig. 5¢) and suggests a link between negative gravit-
ropic response of the roots and overexpression of OsIAA-
GLU. Similarly, overexpressing UGT84B1 (a UDP-gly-
cotransferase involved in the conversion of free IAA to
1-O-(indol-3-ylacetyl)-p-p-glucose) remarkably reduced
root gravitropism in Arabidopsis seedlings (Jackson et al.
2002). Overexpression of UGT74D1 involved in the conju-
gation between glucose and oxIAA (a metabolite of IAA)
in Arabidopsis also led to remarkably negative root geot-
ropism, which was reversible with exogenous application
of 20 nM TAA (Tanaka et al. 2014). These findings includ-
ing the overexpression of OsIAAGLU in transgenic rice
plants (the present study) are also in agreement with the
Cholodny—Went hypothesis relating root gravitropism to
distribution of auxin.

It seems worthwhile to investigate further the possibility
that OsIAAGLU could influence not only the above-ground
but also root growth pattern in rice plants. In conclusion,
the present study provided experimental validation of the
catalytic conjugation activity of OsIAAGLU between UDPG
and TAA but not IBA. In addition, new knowledge has been
added about a regulatory role of OsIAAGLU in rice plant
architecture including leaf angle and gravitropism of roots.
Interestingly, overexpression of OsIAAGLU has a bigger
impact than CRISPR/Cas9-mediated mutation of Os/AA-
GLU on plant architecture compared to WT plants, this may
be due to the homeostasis of endogenous IAA in plants is
regulated by many pathways, or homeostatic mechanisms of
TIAA levels act redundantly (Porco et al. 2016), because no
significant change was observed in IAA levels in the mutants
of dioxygenase of auxin oxidation 1 in A. thaliana, but TAA
biosynthesis and IAA conjugation products IAA-Asp and
IAA-Glu increased significantly in the mutants (Porco et al.
2016; Zhang et al. 2016).
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abstract

The biochemical and enzymatic properties of four highly similar rice oxalate oxidase proteins (OsOxO1—
4) were compared after their purification from the leaves of transgenic plants each overexpressing the
respective OsOxO1—4 genes. Although alignment of their amino acid sequences has revealed divergence
mainly in the signal peptides and they catalyze the same enzymic (oxalate oxidase) reaction, divergence
in apparent molecular mass, K,,, optimum pH, stability and responses to inhibitors and activators was
uncovered by biochemical characterization of the purified OsOxO1-4 proteins. The apparent molecular
mass of oligomer OsOxO1 was found to be similar to that of OsOxO3 but lower than the other two.
The molecular mass of the subunit of OsOxO1 was lower than that of OsOx03. The K, value of
0sOx03 was higher than the other three which had similar K,,. OsOxO1 and OsOx04 possessed peak
activity at pH 8.5 which was close to that at the optimum pH 4.0. The activity of OsOx02 at pH 8.5
was only 65% of that at its optimum pH 3.5, while the activity of OsOx03 did not vary much at pH
6—9 and was also much lower than that at its optimum pH 3. 0sOx02 and OsOxO3 still maintained all
their activities after being heated at 70 °C for 1 h while OsOxO1 and OsOx04 lost about 30% of their
activities. Pyruvate and oxaloacetic acid inhibited the activity of OsOxO3 more strongly than the other
three. Interestingly, glucose 6-phosphate, fructose 6-phosphate and fructose 1,6-biphosphate related to
photosynthetic assimilation of triose phosphate greatly increased the activities of OsOxO3 and
0OsOx04. In addition to the differences in the biochemical properties of the four OsOxO proteins, an
intriguing finding is that the purified OsOxO1—-4 exhibited substrate inhibition, which is a typical of
the classical Michaelis—Menten enzyme kinetics exhibited by a majority of other enzymes.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

et al., 1993), corn (Vuleti¢ and Sukalovi¢, 2000), rice, oat and rye
(Lane, 2000) have also been found to possess OxO activity. During

There has been considerable interest in oxalate oxidase (OxO,
EC 1.2.3.4) which catalyzes the oxidative breakdown of oxalate to
H,0, and CO,. From a practical viewpoint, OxO is a useful
analytical enzyme for determination of oxalate in clinical urine
and blood samples as oxalate is a risk factor for kidney stone
formation (Berckmans and Boer, 1988; Ladwig et al., 2005). OxOs
from different plants are of particular interest in studies on their
enzymatic and biochemical properties related to this application.

In plants, OxO appears to play important roles in several devel-
opmental processes. Wheat germin, a protein marker for the onset
of wheat seed germination, has OxO activity (Lane et al., 1993). The
germins of other cereals, for example, germinating barley (Dumas

* Corresponding author.
E-mail address: eeliu70@163.com (E.E. Liu).

http://dx.doi.org/10.1016/j.phytochem.2015.08.019
0031-9422/© 2015 Elsevier Ltd. All rights reserved.

wheat seed germination, OxO activity was first observed in the
coleorhiza, epiblast and scutellum, then root and coleoptile
(Caliskan and Cuming, 1998). Likewise, OxO activity was also
found to exhibit differential temporal and spatial distributions in
developing wheat grains (Lane, 2000). In ryegrass, OxO activity
increased dramatically during ageing of leaf sheaths (Piquery
et al., 2000; Davoine et al., 2001).

Many proteins have been shown to share sequence similarity
with wheat germin and are known as germin-like proteins
(Dunwvell, 1998). In plants, barley OxO has been one of the most
extensively characterized germins (Suguira et al., 1979; Kotsira
and Clonis, 1997, 1998; Requena and Bornemann, 1999) and
shown to have ca 96% identity at the amino acid sequence level
with a wheat germin (Dumas et al., 1993; Lane et al., 1993). Purifi-
cation and characterization of many germin-like proteins have yet
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to be carried out, and it is not known if they possess OxO activity or
not. Expression of most germins and germin-like proteins are
induced by pathogenic and environmental factors (Davidson
et al,, 2009). Transcription of a germin-like oxalate oxidase gene
in barley and wheat leaves was shown to increase following
powdery mildew attack (Zhou et al., 1998; Hurkman and Tanaka,
1996a). In addition, expression of the OxO gene from wheat or
barley in several transgenic plants improved defense against
oxalic acid secreted by Sclerotinia sclerotiorum (Hu et al., 2003;
Livingstone et al., 2005; Dong et al., 2008; Zhang et al., 2013a). In
rice, a member of the OxO gene family, OsOx04 could be induced
by Magnaporthe oryzae and Xanthomonas oryzae pv. Oryzae
(Carrillo et al., 2009). OxO gene expression and/or OxO activation
could also be increased by abiotic stresses including heat
(Valentovicova et al, 2009), salinity (Hurkman and Tanaka,
1996b) and heavy metal ions (Berna and Bernier, 1999;
Valentovicova et al., 2009). All of these studies support a role for
OxO in plant response to abiotic and biotic stress.

In the rice genome, there is a family of four OsOxO1-4 genes
tandemly located in chromosome 3. 0OsOxO1-4 share >90%
nucleotide sequence identity but each gene has its own distinct
regulatory sequences as well as temporal and spatial patterns of
expression (Carrillo et al.,, 2009). OsOxO1 shares 89%, 91% and
90% amino acid sequence identity with OsOx02, 0sOx03, OsOx04,
respectively. The amino acid sequence identity between OsOx02
and OsOx04 is up to 98%, 97% between OsOx03 and OsOx04,
96% between OsOx02 and OsOxO03. Divergences in amino acid
sequences of the OsOx01—4 proteins have been found mainly in
the deduced signal peptides (Fig. 1). Apart from the highly similar
amino acid sequences of the four OsOxO proteins, there is a paucity
of information about their enzymatic, biochemical and regulatory
properties. Only OsOxO1 and OsOx04 have been unambiguously
shown to possess OxO activity (Molla et al., 2013; Zhang et al.,
2013b).

The objective of this study was to purify individual OsOx01—4
for a comparative study at the level of enzyme (OxO) properties
and regulation. This has not been done before.

2. Results and discussion

2.1. Isolation and purification of OsOxO1—4 and their molecular
masses

0OsOx01—4 were purified one at a time in two steps from the
leaves of transgenic rice plants over-expressing the respective

genes. This was a successful strategy to a large extent as no OxO
activity was detected in the leaves of the wild type plants (Oryza
sativa L. subsp. Japonica Kato, Zhonghua 11) using the method of
Zhang et al. (1996). Since the OsOxOs are relatively heat stable,
the OxO purification method was coupled with a thermal treat-
ment of the leaf extract at 70 °C for 45 min to precipitate a majority
of the cellular proteins before the isolation of the respective
0sOxOs using Sephadex G-25 chromatography. SDS—PAGE analysis
of the individual purified OsOx0O1—4 gave only one band for each of
the four OsOxOs (Fig. 2A), suggesting that they had been purified to
homogeneity. The apparent molecular masses of the subunits of
the four OsOxOs estimated from SDS—PAGE analysis (Fig. 2A) were
similar (ranging from 25.9 to 27.4 kDa), but were higher than those
calculated based on the amino acid sequences of the respective
0sOx01-4 (ranging from 24.1 to 24.3 kDa) (Table 1), suggesting
that posttranslational modifications occurred in OsOx0O1—4. Stain-
ing after SDS—PAGE with the Schiff's reagent (Fig. 2B) indicated
that OsOx01—4 were glycoproteins. This is consistent with the pre-
dictions from the amino acid sequences of the respective OsOxOs
that there are two possible N-glycosylation sites in each of the
0OsOxOs (Fig. 1). The OxOs of rice, barley root, wheat embryo and
the Ceriporiopsis subvermispora OxO expressed in Pichia pastoris
are also glycoproteins (Dumas et al., 1993; Lane et al., 1992;
Moussatche et al., 2011). It is, however, not clear why the esti-
mated molecular mass of the OsOx01 subunit was lower by about
5% than those of OsOx02—4. This may be due to the glycan of
0OsOx01 being different from the other three OsOxOs which had
different residue in site 84 near the predicted glycosylation sites
compared with OsOxO1l (Fig. 1). CN-PAGE analysis (Fig. 2C)
established that the molecular masses of native OsOxO1-4 were
235.1, 287.0, 222.7 and 295.7 kDa (Table 1), respectively, indicat-
ing that OsOx03 was a homo-octamer and the other three were
homo-decamer enzymes.

2.2. Kinetic properties of purified OsOx01-4

The substrate specificity of the purified OsOx0O1-4 was investi-
gated using 0.4 mM oxalate and a range of related carboxylic acids
at optimum pH. All four OsOxOs showed high activity with oxalate,
but there was no detectable activity against other related organic
acids including citrate, glyoxylate, malonate, succinate, glutarate,
malate, glycolate, acetate, lactate and formate. With respect to oxa-
late as the substrate, the kinetic reaction of the four different
0OsOxOs showed that the product formation curves rose to a maxi-
mum and then declined as the substrate concentration was

Fig. 1. Amino acid sequence alignment of OsOxO1—4. Grey letters with black background indicate 100% match; grey letters with white background indicate dissimilarity; and
dots indicate no amino acid in these positions, * indicates putative N-glycosylation sites.
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Fig. 2. Molecular masses and periodic acid—Schiff staining of OsOx01, OsOx02, OsOx03 and OsOx04 expressed in rice leaves. (A) Molecular masses of OsOxO1-4 subunits
were determined using uniform 12.5% SDS-PAGE; (B) Periodic acid-Schiff staining of OsOxO1—4 after separation using uniform 12.5% SDS-PAGE; (C) Molecular masses of
0sOx01-4 holoenzymes were determined using 4—20% gradient CN-PAGE. (1) OsOx01; (2) OsOx02; (3) OsOx03; (4) OsOx04. M1: molecular mass markers (97.4, 66.2, 45.0,

31.0, 21.5 and 14.4 kDa); M2: molecular mass markers (669, 443, 247 and 45 kDa).

Table 1

Comparision of the apparent molecular masses (M,) of OsOxO1-4 as determined
following SDS—PAGE, CN-PAGE and calculated from the respective amino acid
sequences.

Calculated M, (kDa) M, (kDa) M, (kDa) estimated
based on amino acid estimated from from native
sequence SDS—-PAGE CN-PAGE

0OsOx01 24.1 259 235.1

0sOx02 24.3 272 287.0

0sOx03 24.0 271 222.7

0OsOx04 24.2 274 2975

increased (Fig. 3). Evident substrate inhibition of OsOx01-4
occurred when oxalate concentration was 2 mM. Substrate
inhibition of enzymes deviates from the conventional display of
Michaelis—Menten enzyme kinetics. It has been estimated that
about 20% of enzymes are known to be subject to substrate inhibi-
tion (Reed et al., 2010) and here it is shown that OsOx01—4 also
behaved in this way. The K, values of the purified OsOxO1—4 were
compared showing that the affinity of OsOxO3 for oxalate was
lower than other enzymes which had similar affinity for oxalate
and the K, values were about 0.2 mM (Fig. 3 and Table 2). Kgg
values of OsOx01—4 were 1023, 2446, 1892, 1504 s~* respectively
(Table 2), which were higher than those of barley OxO (22572,
Kotsira and Clonis, 1997) and the OxO of C. subvermispora (88s %,
Aguilar et al., 1999). Vhax Values of OsOx02 and OsOx0O3 were sim-
ilar but higher than those of OsOx01 and OsOx04 (Table 2).

2.3. Effect of pH on the activities of OsOx01—-4

The effect of varying pH from 2.5 to 9.0 on the activities of the
four purified OxO enzymes was studied (Fig. 4). OsOxO1 and
0OsOx04 showed optimum activities at pH 4.0 in succinic acid—
NaOH buffer. In the Tris—HCI buffer, however, both enzymes pos-
sessed peak activities at pH 8.5 which were at similar levels to
the respective enzymes at pH 4.0 in the succinic acid—NaOH buffer.
This finding is in contrast to other studies where most OxOs from
other sources were catalytically active at acidic pH, with a pH opti-
mum around 3.5 (Suguira et al., 1979; Kotsira and Clonis, 1997;
Aguilar et al., 1999; Vuleti¢ and Sukalovi¢, 2000). 0sOx02 showed
its maximum activity at pH 3.5 and the activity at pH 8.5 was only
65% of that at pH 3.5. Similarly, OsOx03 had maximum activity at
pH 3, and its activity in the Tris—HCI buffer did not vary much at
different pH values but was also much lower than at pH 3.

2.4. Stability of OsOx01-4

The effect of incubating the purified OsOx01—-4 for 1 h at differ-
ent temperatures on the stability of their activities was studied

(Fig. 5A). Like OxOs from other sources, such as the OxO from
barley seedlings (Dumas et al., 1993) and cell-wall bound OxO
from maize roots (Vuletic and Sukalovic, 2000), OsOxO01-4
exhibited high heat stability. Differences in thermal stability were,
however, found among the four rice OxOs, as OsOx02 and OsOx03
still maintained all their activities after being incubated at 70 °C for
1 h while OsOx0O1 and OsOx04 lost about 30% of their activities
(Fig. 5A). In addition, OsOx01—4 were also resistant to a treatment
with pepsin at 37 °C for 30 min at pH 2, while the activity of
OsOx04 was actually increased on pepsin treatment (Fig. 5B).
Similar to the OxO from C. subvermispora (Escutia et al., 2005),
the purified OsOx01-4, were very sensitive to 0.1% SDS which
brought about a nearly total loss of their enzyme activities (results
not shown). This finding was surprising as although the rice OxOs
were similar to the barley counterpart with respect to heat and
proteolysis treatments, the barley OxO was resistant to the SDS
treatment (Dumas et al., 1993).

2.5. Effect of structural analogues on OxO activities of purified
OsOx01—-4

The effects of several structural analogues, except pyruvate and
oxaloacetic acid at a concentration of 1 mM, each at a concentra-
tion of 5 mM on the enzyme activities of the purified OsOxOs were
compared (Fig. 6). Since pyruvate and oxaloacetic acid were found
to strongly inhibit the activities of 0sOx01—4, and 5 mM oxaloace-
tic acid could cause the significant inhibition of the reaction among
H,0,, 4-aminoantipyrine and N, N-dimethylaniline catalyzed by
POD (see supplementary material Table 1), pyruvate and oxaloace-
tic acid each at 1 mM was then confirmed to be useful in assaying
the differential responses of different OsOxOs to oxaloacetic acid
and pyruvate. In contrast, acetic acid and succinic acid had no
effect on the activities of OsOx0O1-4. Citric acid, formic acid and
glyoxalic acid at 5 mM all decreased the activity of OsOx01-4 to
different levels, but the effects of these were less severe compared
to those of pyruvate or oxaloacetic acid. Malic acid decreased the
activities of OsOx02 and OsOx04, and glycolic acid decreased the
activities of OsOxO2 and OsOx03. However, both had no
significant effect on OsOxO1 (Fig. 6A). Carboxylic acids, such as
acetate, glycolate, glyoxylate, malonate, malate and pyruvate
have been shown to be competitive inhibitors of recombinant
C. subvermispora OxO (Moussatche et al., 2011).

Interestingly, glucose 6-phosphate  (G-6-P), fructose
6-phosphate (F-6-P) and fructose 1,6-biphosphate increased the
activities of OsOxOs, especially those of OsOxO3 and OsOx04
(Fig. 6B), suggesting that they might be involved in allosteric regu-
lation of OsOxO activities. Possibly there might be an interesting
regulatory relationship between photosynthetic assimilation of
triose phosphates from atmospheric CO, and oxalate metabolism.
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Fig. 3. Effect of different oxalate concentrations on OxO activities of OsOxO1-4. Inset shows the Lineweaver—Burk plot 1/V vs. 1/S.

Table 2
Km: Vmax: Kcat Values and optimum pH of purified OsOx0O1—4.

Km Vmax Keat Optimum
(mmol/L) (ImolH,0,/mg () pH
protein min)
0OsOx01 0.160 + 0.022 261.14 +50.03 1023 4
0OsOx02 0.185 +0.027 511.32 £59.44 2446 35
OsOx03 0.303 £0.025 509.72 £ 88.07 1892 3
0sOx04 0.225+0.052 303.32+44.44 1504 4

The triose phosphate from photosynthesis may be metabolized fur-
ther into fructose-1,6-biphoshpate and then F-6-P in the pathway
for synthesis of sucrose in the cytoplasm or the F-6-P could be con-
verted to G-6-P in the pathway for synthesis of starch in the
chloroplast for temporary storage (Granot et al., 2013). It remains
to be determined whether there is any possible implication of
increased OxO activity under the influence of these metabolites
and photosynthetic assimilation of carbohydrates as a product
from OxO activity is CO,. Further studies into this might be
worthwhile.

It is known that binding of G-6-P to Arg583 and Arg587 could
activate glycogen synthase, underlying the regulation of the
enzyme in response to G-6-P (Baskaran et al., 2010). There are eight
Arg residues within each submit of OsOx02—-4 at nearly the same
positions, OsOx0O1 had more Arg residues (Arg66 and Arg147) than
0sOx02—4. Itis not clear if Arg within OsOxO1—4 might be involved
in the response to G-6-P, although it was shown that arginine resi-
due was not essential for barley OxO activity (Kotsira and Clonis,
1998). Moreover, a purified apple leaf sucrose-phosphate synthase
(Zhou et al., 2002), and maize leaf phosphoenolpyruvate carboxy-
lase activity (Uedan and Sugiyama, 1976) were also promoted by
G-6-P. Mannose-6-phosphate slightly decreased the activities of
0OsOx0Os. Among the monosaccharides investigated, xylose and
fructose slightly decreased the activities of OsOx02—4 to a similar
extent but had no effect on OsOx0O1. Glucose, galactose and manni-
tol had no effect on the activities of 0sOxO1-4. Therefore, it would
seem that non-phosphorylated sugars might only play a minor role,
if any, in the regulation of some OsOxOs.
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2.6. Effects of some ions and enzyme cofactors on the activities of

OsOx01-4

Several cations added as ZnSO,4, CuSO,4, and FeSO, decreased the
activities of OsOx01—4, while Na,SO4 had no significant effect on

the enzyme activities (Table 3). One mM of EDTA-Na,, KCI, NaCl,
K5CO3, Na,CO3, Na,HPO,4 and NaH,PO,4 had no effect on the enzyme
activities of OsOxO1—4 (Table 3). The activities of OsOx01-3
were inhibited to the same extent by 1 mM KNOs, NaNO; and
NH4NO3, while that of OsOxO4 was more strongly inhibited,
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Fig. 6. Effect of structural analogues (selected organic acids) (A) and sugar
metabolites (B) on activities of OsOxO1-4. OxO activities of OsOxO1-4 were
measured by adding 5 mM of a structural analogue or metabolite, except pyruvate
and oxaloacetic acid at a concentration of 1 mM, into basic OxO assay reaction
mixture.

suggesting that 1 mM NOz could inhibit the activity of OsOx01—4,
especially OsOx04. Previously, it was found that EDTA did not
inhibit OxO activity from Amaranthus leaves (Goyal et al., 1999),
maize roots (Vuletic and Sukalovié, 2000), barley seedlings
(Suguira et al., 1979) and roots (Kotsira and Clonis, 1997). This
finding was surprising as Mn(ll) was the cofactor of OxOs
(Requena and Bornemann, 1999; Woo et al., 2000). Flavin mononu-
cleotide (FMN) and riboflavin, the cofactors of many enzymes, had
no effect on OxO activity of OsOx0O1—4 suggesting that the OsOxOs
might not be flavoproteins. In contrast, barley OxO was activated
by flavin adenine dinucleotide (FAD) and the barley enzyme was
suggested to be a flavoprotein (Kanauchi et al., 2009). Overall,
the response of the OsOxOl1-4 to various ions and enzyme
cofactors was largely similar. At 1 mM all the enzyme co-factors
and inorganic salts, except AICl3, FeSO,4 and CuSQO,, would not have
interfered with the POD-coupled reaction used to assay the effects
of these compounds on OxO activity of OsOxOs (see supplementary
materials Table 2). In future studies, the limitations of the
POD-coupled reaction for OxO assay with the addition of any
potential enzyme modulators such as inorganic salts, metabolites
etc. should be investigated at a greater depth.

Table 3
Effect of a few inorganic salts or enzyme co-factors on OxO activities of the purified
0OsOx01—4.

Chemical compound (1 mM) Relative activity (%)

0OsOx01 0OsOx02 0OsOx03 0OsOx04

KCI 98.14 91.08 98.37 97.75
NaCl 94.64 92.52 98.87 102.03
CacCl, 96.80 60.12 78.50 75.72
MgCl, 97.99 80.84 93.81 88.69
AlICl3 24.14 2.20 5.56 18.77
FeCls 10.35 11.26 14.15 15.14
K>CO3 117.82 105.25 97.42 97.77
Na,CO3 108.80 107.22 94.43 90.67
KNO3 76.08 70.89 77.45 34.13
NH4NO3 81.23 63.07 77.33 34.05
NaNO3 79.07 63.83 74.92 30.59
Na;HPO, 111.33 11255 95.39 102.0
NaH,PO, 11112 111.82 93.08 96.0
FeSO,4 251 1.23 1.84 4.21
CuSO, 50.22 73.09 63.15 50.60
MnSO, 90.84 94.11 100.14 77.47
ZnS0y4 88.36 46.33 71.86 72.32
Na,SO4 100.37 96.19 98.48 90.33
EDTA-Na, 11831 116.13 99.15 90.74
FMN 92.53 113.99 96.00 98.07
Riboflavin 97.90 95.47 92.95 98.63

The OxO activity of each of these purified proteins when assayed in the presence of
any of these compounds was taken as % relative to that when assayed in their
absence which was taken as 100%.

3. Conclusions

Based on the bioinformatics scrutiny of the four rice oxalate oxi-
dase (OsOx01-4) proteins, it seems that they would have highly
similar biochemical and enzymatic properties. Characterization of
the four purified proteins in this study showed, however, diver-
gences in apparent molecular mass, K, optimum pH, stability
and responses to inhibitors and activators. The apparent molecular
mass of oligomer OsOx0O1 was similar to that of OsOxO3 but lower
than OsOx02 and OsOx04. The K,,, of 0sOx03 was higher than the
other three purified OsOx0s. OsOxO1 and OsOx04 showed opti-
mum activities at pH 4.0, while OsOx02 at pH 3.5 and OsOx03 at
pH 3. The activities of OsOxO3 and OsOx04 were more strongly
inhibited than the other OsOxOs by organic acids (pyruvate and
oxaloacetic acid), and 1 mM NOg, respectively. It was also shown
that especially G-6-P, F-6-P and fructose 1,6-biphosphate greatly
increased the activities of OsOxO3 and OsOx0O4. The potential
physiological significance of this and the implication of substrate
inhibition exhibited by OsOxO1—4 are intriguing and worthy of
further investigations.

4. Experimental
4.1. Plant material

Agrobacterium-based vectors were used to generate transgenic
rice plants over-expressing one of the four gene members
(0sOx01-4) encoding rice oxalate oxidase as described in Zhang
et al. (2013b). In four different transformation experiments, rice
callus (O. sativa L. subsp. Japonica Kato, Zhonghua 11) was trans-
formed each with the PCR-cloned gene fragment containing the
complete open reading frame sequence of one of the four gene
members (0sOx01-4) encoding rice OxO. The transgenic rice lines
each over-expressing one of the OsOxOl1-4 were grown in a
glasshouse to tillering stage before isolation and purification of
the corresponding OsOx0O1-4 proteins.
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4.2. Purification of rice oxalate oxidases (OsOxOs)

Leaves (0.5—-0.8 g) of the transgenic rice plants over-expressing
one of the OsOx01-4 (Zhang et al., 2013b) were homogenized with
50 mM Tris—HCI buffer (pH 7.5) in 1:10 ratio (w /v). After centrifu-
gation at 12,000xg for 15 min at 4 °C, the crude supernatant was
heated at 70 °C for 45 min and centrifuged (12,000xg, 15 min) at
4°C. Then supernatant (4-5mL) was loaded onto a column
(20 cm x 2 cm) filled with about 30 mL Sephadex G-25 (Pharmacia,
Sweden) which had been equilibrated with 50 mM Tris—HCI buffer
(pH 7.5) which was also used for enzyme elution. Typically at a flow
rate of 1 mL/min, about 30 fractions (1 mL each) were collected and
those with higher OxO activity (about 2—3 tubes) were pooled and
concentrated with 15-mL Millipore centrifugal filter devices (with a
molecular weight cutoff value of 30 kDa). The concentrate was
collected as the purified protein (one of the OsOx01-4).

4.3. CN-PAGE and SDS—PAGE

To determine the molecular masses of OsOxO1—4 holoenzymes,
a discontinuous 4-20% gradient CN-PAGE system with a running
buffer (0.025M Tris, 0.192M glycine) at pH 83 was used
(Nishizawa et al., 1988). SDS—PAGE was performed according to
the method of Laemmli (1970) on 12.5% SDS—PAGE gels using a
Mini Protean chamber system (Bio-Rad, Hercules, USA). Before
loading for SDS—-PAGE, each of the purified OsOx0O1-4 proteins
was mixed with the same volume of 0.5 mM Tris—HCI buffer (pH
6.8) containing 4% SDS, 20% glycerol, 10% beta-mercaptoethanol
and 0.002% bromo-phenol blue and was denatured at 100 °C for
3 min. After electrophoresis, the gels were stained with Coomassie
blue R-250 for determination of the molecular masses of the
purified OsOx0O1-4, or the SDS—-PAGE gels were stained with
the periodic acid—Schiff reagent to see if any of them would be
glycoproteins.

4.4. Assay of OxO activity

OxO activity was basically determined according to the method
of Zhang et al. (1996) unless specific variations were needed in
different kinetic and characterization investigations. The reac-
tion mixture consisted of 40 mM succinic acid/NaOH (pH 3.8), 60%
(v/v) EtOH, 04 mM oxalate, 0.025% N,N-dimethylaniline
(Sigma—Aldrich, Shanghai, China), 0.1 mg/mL 4-aminoantipyrine
(Sigma—Aldrich, Shanghai, China) and horseradish peroxidase
(5 units/mL POD; Bio Life Science & Technology Co., LTD. Shanghai,
China). 0.1% C,HCI30, was added to the mixture which was incu-
bated at room temperature for 10-15 min before centrifugation
at 12,000xg for 3 min. After this, the absorbance of the supernatant
was measured at 555 nm against the control reaction without
oxalate.

To investigate the substrate specificity of the purified OsOxO1—
4, their OxO activities were determined using a range of related
carboxylic acids (citrate, glyoxylate, malonate, succinate, glutarate,
malate, glycolate, acetate, lactate and formate), each at a concen-
tration of 0.4 mM, instead of oxalate in the basic OxO activity assay
mixture. The resultant activities were compared to that
determined using 0.4 mM oxalate. The K, and V.« values of the
purified OsOxO1—-4 were determined by first incubating each of
the purified proteins with different concentrations (0—0.4 mM) of
oxalate in 40 mM succinic—NaOH buffer (optimum pH), then the
color reagent consisted of 40 mM succinic acid/NaOH (pH 3.8),
60% (v/v) ethanol, 0.025% N, N-dimethylaniline, 0.1 mg/mL
4-aminoantipyrine and 5U/mL of POD for H,O, measurement
was added, and quenched by additition of C,HCI;0, in 1.5 min
later. K.4¢ Was calculated by respective Vo« and molecular masses
of native OsOxO1-4. The effects of varying the pH of the assay

mixture were carried out using two buffers: varying pH of
50 mM succinic acid-NaOH from 2.5 to 6, and 50 mM Tris—HCI
buffer from 6 to 9.

The thermal stability of the purified OsOx01-4 was determined
by first incubating each of the purified proteins in 50 mM succinic—
NaOH buffer (pH 3.5) for 1 h at various incubation temperatures
ranging from 30 to 90 °C. Then OxO activities were measured using
the basic OxO activity assay and compared with that of the purified
protein solutions that were held at room temperature before OxO
activity determination. The relative sensitivity of the different
purified OsOxO proteins to protease digestion was studied by
first mixing each of the purified OsOxO proteins with pepsin
(0.05 mg/L) in HCI-KCI buffer (60 IL, pH 2) which was then incu-
bated at 37 °C for 30 min. The OxO activity in these mixtures was
determined using the basic assay of OxO activity.

The effects of several structural analogues and metabolites
(malic acid, succinic acid, acetic acid, glycolic acid, formic acid,
glyoxalic acid, pyruvate, oxaloacetic acid, glucose, glucose-6-
phosphate, mannose, mannose-6-phosphate, mannitol, fructose,
fructose-6-phosphate, fructose-1,6-biphosphate, galactose and
xylose), except pyruvate and oxaloacetic acid at a concentration
of 1 mM, each at a concentration of 5mM added to the basic
OxO0 reaction mixture for OxO activity determination, were com-
pared to OxO activity determined in the absence of any of these
in the basic OxO reaction mixture. Similarly, a range of inorganic
salts such as MnSO,4 (1 mM each) and enzyme co-factors including
riboflavin were added to the basic OxO assay reaction mixture for
OxO activity determination.

All experiments were repeated at least two times, with
triplicate assays each time. The mean values + SE are presented.
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The total oxalate contents of various vegetables, legume seeds, cereals, fruits and nuts commonly available
in Southern China were determined using an improved enzymatic method. Spinach, xeric water spinach
(grows on moist soil), amaranth, bamboo shoot, ginger, Chinese wolfberry, rice bean and black glutinous
rice contained more than 100 mg oxalate/100 g FW, but leaf mustard, white radish, broccoli, cauliflower,
cabbage, onion, gourd except bitter melon, tomato, pepper, chufa, kelp, mushroom, soybean sprout and
cowpea contained less than 10 mg oxalate/100 g FW. The oxalate contents of star fruit and dragon fruit
were 111.4and 97.1 mg/100 g FW, respectively, and those of other fruits except strawberry and black plum
were less than 20 mg/100 g FW. Almond, cashew, hazel, pine nut and abalone fruit contained more than
150 mg total oxalate/100 g FW, and the oxalate levels in Chinese torreya fruit, peanut, pistachio and walnut
ranged from 54.1 to 83.1 mg/100 g FW. Based on the results obtained, water spinach, Chinese wolfberry,
black glutinous rice, dragon fruit, rice bean, abalone fruit and Chinese torreya fruit should also be
considered as high oxalate-foods. The enzymatic method used in the present study enabled us to perform a
large-scale quantitative investigation of oxalate contents of different foods.
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© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Oxalic acid is a dicarboxylic acid commonly found in micro-
organisms, plants and animals. Besides dietary intake oxalate in the
human body may also be derived from metabolism of ascorbic acid
and glyoxylate (Williams and Wandzilak, 1989). Consumption of a
large amount of oxalate could be fatal to humans because of oxalosis
or the formation of calcium oxalate deposits in vital tissues or organs
of the body (Sanz and Reig, 1992). The patients with kidney stone
problems should control dietary oxalate intake to less than 40-
50 mg per day (recommended by the American Dietetic Association,
2005). Therefore, determination of oxalate content in foods is very
important to patients with kidney stone problems.

The methods for determination of oxalate are titration (Baker,
1952), capillary electrophoresis (CE) (Trevaskis and Trenerry,

* Corresponding author. Tel.: +86 020 85280194; fax: +86 020 85282023.
E-mail address: eeliu70@163.com (E-E Liu).

0889-1575/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jfca.2013.08.002

1996), gas chromatography (Ohkawa, 1985), high performance
liquid chromatography (HPLC) (Savage et al., 2000; Yu et al., 2002)
and enzymatic analysis (Kasidas and Rose, 1980; Trevaskis and
Trenerry, 1996; Chai and Liebman, 2005; Okombo and Liebman,
2010). Oxalate oxidase-based colorimetric determination of
oxalate is a simple and fast method without the need for any
special apparatus yielding results that are consistent with those
obtained using the CE method (Trevaskis and Trenerry, 1996; Chai
and Liebman, 2005). The oxalate oxidase-based method has,
however, been mainly used to measure oxalate in urine, and
might have limited use for oxalate determination in foods
because substances such as ascorbate in foods might interfere
with the colorimetric estimation of H,O, in the final step of the
procedure (Holmes and Kennedy, 2000). The oxalate decarboxyl-
ase-based procedure could also be affected by an incomplete
removal of dissolved carbon dioxide from the sample solution
leading to artifactually high oxalate values (Honow and Hesse,
2002). Moreover, enzymatic determination of oxalate in plants
may be subject to interference by carbohydrates extracted from
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plant tissues (Zarembski and Hodgkinson, 1962). To overcome
these problems, Honow et al. (1997) developed a very sensitive and
selective HPLC-enzyme reactor method (HPLC-ER). Recently we
described an enzymatic method which is sensitive, less time-
consuming and relatively inexpensive (Liu et al., 2009). In this
method, a lower concentration of hydrochloric acid (HCI) was used
to extract oxalate to avoid inadvertently extracting interfering
substances and in preliminary trials it was found that the recovery
of the added oxalate to soybean leaf samples during oxalate
extraction ranged from 96.1% to 101.4% (mean was 99.8%). More
importantly it is simple to perform without the need to access
expensive specialist equipment, and a large quantity of oxalate
oxidase can be prepared from wheat bran, which is a more
practical source of the enzyme than the sources used in previous
studies, for example moss and banana fruit peel. It was also found
that the wheat bran oxalate oxidase method was not as susceptible
as other published enzyme methods to interfering substances such
as ascorbic acid, which is likely to have been degraded during
sample processing. Moreover, there is a good agreement between
the results obtained using this method and the HPLC method. This
is an important practical requirement for routine monitoring or
any large-scale investigations of oxalate contents of foods.

In this study, we showed that our oxalate determination
method based on oxalate oxidase prepared from wheat bran could
be applied to investigate the total oxalate contents of a great
variety of foods including vegetables, legume seeds, cereals, fruits
and nuts commonly available in Southern China. This study might
be adapted in different developing countries as a new, easy to
perform, relatively low cost, large-scale monitoring of oxalate
contents in produce grown locally.

2. Materials and methods
2.1. Samples and preparation

Vegetables, legume seeds, cereal, fruits and nuts were
purchased from local markets in Guangzhou, China. Once
purchased, vegetables and fruits were washed with tap water to

eliminate any unwanted debris or other substances. Legume seeds

Table 1
Total oxalate contents of leafy vegetables.®

were soaked overnight. Rice, black glutinous rice, glutinous rice
and edible part of nuts were chopped into small pieces. Triplicate
samples (1 g each) were taken from edible parts of nuts and leafy
vegetables except watercress, red cabbage, cilantro, garlic leaf,
napp cabbage, leaf mustard and cabbage for determination of
oxalate content. For other foods, the oxalate contents in triplicate
samples (2g each) were also determined (see Tables for
identification of all samples).

2.2. Total oxalate extraction and determination

Total oxalate content was measured using the enzyme method
as described by Liu et al. (2009). Each sample (1.0 or 2.0 g) was
homogenized with 1.6 mL 0.5 mol/L HCl first, and then diluted
with 1 mL distilled water. The homogenate was transferred into
10 mL graduated tubes and heated in a boiling water bath for
20 min. After cooling, distilled water was added to each tube to
bring the volume of the homogenate up to 10 mL. The next day,
about 1 mL of the homogenate was clarified by centrifugation
(12,000 x g, 10 min) at 4 8C. After this, 0.016 mL NaOH (2 mol/L)
was added accurately to 0.5 mL supernatant. This mixture was
called an oxalate extract here. For determination of oxalate content
in the oxalate extracts, about 20 mg oxalate oxidase in the form of
dry powder prepared from wheat bran were first placed in a 2-mL
test tube. Then 0.06-0.11 mL distilled water, 0.8 mL color reagent
(10 mg 4-aminoantipyrine (Sigma-Aldrich, Shanghai, China),
25 pL N,N-dimethylaniline (Sigma-Aldrich, Shanghai, China) per
100 mL of 125 mmol/L succinate-NaOH buffer with 75% alcohol
(V|V), pH 4.0) and 0.04 mL (150 U/mL) horseradish peroxidase (Bio
Life Science & Technology Co., Shanghai, China) were added before
0.05-0.1 mL oxalate extract was added to initiate the reaction.
After incubation at room temperature for 90 min, the absorbance
at 555 nm of the reaction mixture was read in a spectrophotometer
(Unico UV/VIS 2802PCS, Shanghai, China) and oxalate content was
determined with reference to the standard curve which was
prepared by adding 0, 2, 4, 6, 8, 10 g oxalic acid (Sigma-Aldrich,
Shanghai, China. Purity: 99+%) into 1 mL reaction system,
respectively. The data are presented as mean mg oxalate/
100 g FW food material.

Samples (scientific name)

Oxalate content (mg/100 g FW)

Leaf (present Petiole Honow and Massey (2007) Kunchit et
study) (present study) Hesse (2002) al. (2006)

Spinach (Spinacia oleracea L.) 490.5 +69.0 217.9+8.2 364 (boil) 400-900

Chinese wolfberry (Lycium chinense Mill.) 3374+1.6 -

Amaranth (Amaranthus tricolor L.) 274.7+22.6 36.8+3.3

Xeric water spinach (Ipomoea aquatica Forsk.) 104.8 +4.0 23.1+14

Aquatic water spinach (Ipomoea aquatica Forsk.) 79.2+3.2 254+33

Sweet potato leaves (Ipomoea batatas (L.) Lam.) 583+2.7 35.9+0.6

Chinese chive (Allium tuberosum Rottler ex Spreng.) 253+05 - 17

Flowering Chinese cabbage (Brassica parachinensis Bailey) 20.2+25 74.0+5.1

Watercress (Nasturtium officinale Aiton) 19.5+43 -

Red cabbage (Brassica oleracea L.var. Capitata f. rubra DC) 18.9+0.1 -

Cilantro (Coriandrum sativum L.) 18.0+0.4 -

Potherb mustard (Brassica juncea (L.) Czern. et 16.7+2.3 54403

Coss. var. multiceps Tsen et Lee)

Lettuce (Lactuca sativa L. var. ramosa Hort.) 16.1+1.1 5.44+0.1

Romaine lettuce (Lactuca sativa L. var. longifolia Lam.) 16.1+0.8 6.7 £0.6

Green pak choi (Brassica rapa L. var. chinensis (L.) Kitamura) 153+1.6 47+1.0

Malabar Spinach (Basella alba L.) 13.9+0.3 57.0+0.9

Milk pak choi (Brassica campestris L. ssp. chinensis (L.) Makino) 13.8+1.5 64.3+3.7

Endive (Cichorium endivia L.) 13.7+04 7.8+0.1

Garlic leaf (Allium sativum L.) 12.1+0.1 -

Napp cabbage (Brassica rapa L. var. glabra Regel) 4.04+0.1 <d.l.

Leaf mustard (Brassica juncea (L.) Czern. et Coss. var. foliosa Bailey) <d.l <d.l

Cabbage (Brassica oleracea L. var. capitata L.) <d.l - 7+2

2 For each type of sample, n=3; ‘FW’=fresh weight; ‘~’=not analyzed; ‘<d.l’=below detection limit which was 2.5 mg/100gFW in the present study.
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Table 2
Total oxalate contents of alga and mushrooms.”

Samples (scientific name)

Oxalate content (mg/100 g FW)

Present study

Honow and Hesse (2002) Kunchit et al. (2006)

Alga

Kelp (Laminaria japonica Aresch.) 3.6+£0.2
Fungus

Oyster mushroom (Pleurotus ostreatus (Jacq. ex Fr.) Quél.) 4.7+0.0
Straw mushroom (Volvariella volvacea (Bulliard ex Fries) Singer) 3.6+03
Shii-take (Lentinus edodes (Berk.) Pegler) <d.L
Apricot oyster mushroom (Pleurotus eryngii (DC.) Quel.) <d.L

2 For each type of sample, n=3; ‘FW’=fresh weight; ‘<d.l.’=below detection limit which was 2.5 mg/100gFW.

3. Results and discussion
3.1. Total oxalate contents of vegetables commonly consumed

3.1.1. Total oxalate contents of leafy vegetables

The total oxalate contents in various types of leafy vegetables
varied widely from 0 to 490 mg/100 g FW (Table 1). Those in leaves
of spinach, Chinese wolfberry, amaranth and xeric water spinach
(grows on moist soil) were more than 100 mg/100 g FW, but were
lower in the petioles. Chinese wolfberry and xeric water spinach
should be considered as high oxalate-foods compared with spinach
and amaranth. Previously it has been reported that spinach
contained 330 + 0.8 mg total oxalate/100 g FW (Savage et al., 2000),
but Kim et al. (2007) reported that total oxalate contents (measured
using HPLC) in amaranth and spinach were in excess of 1000 mg/
100 g FW.The values obtained in the present study were between those
of these previous studies. This could be attributed to plant materials
from different growing conditions used in the different studies. Aquatic
water spinach (grows in water) and sweet potato leaves contained 79.2
and 58.3mg oxalates/100 g FW plant tissue, respectively. Leaf
mustard, napp cabbage and cabbage contained less than 5 mg
oxalate/100 g FW. Oxalate contents in the leaves of flowering Chinese
cabbage, milk pak choi and malabar spinach were also lower than that
in amaranth leaves. However, the oxalate contents in the petioles of
these plants were all higher than that in amaranth petioles.

Table 3
Total oxalate contents of flower and fruit vegetables.?

3.1.2. Total oxalate contents of kelp, mushroom, flower and fruit
vegetables

Very low levels of total oxalate (less than 5 mg/100 g FW)
were detected in kelp and mushroom (Table 2). All
gourd vegetables in this study also contained relatively small
amounts of total oxalate (<10 mg/100 g FW) except bitter melon
which contained about 35.1 mg oxalate/100 g FW (Table 3).
White eggplant and hyacinth bean had moderate amounts of
total oxalate, 24.1 and 23.0 mg/100 g FW, respectively. The
levels of total oxalate in pepper, broccoli and cauliflower were
below the detection limit. Therefore, they could be recom-
mended for kidney stone patients. The values of oxalate content
in eggplant, tomato and cauliflower reported by Kunchit et al.
(2006) were all higher than those in the present study. It
was reported that the oxalate level in broccoli, cucumber
and pumpkin was below the detection limit (Kim et al., 2007),
while the oxalate content in broccoli was reported to be
1.4 mg/100 g FW (Honow and Hesse, 2002). In this study, the
oxalate content in cucumber was also found to below 5.0 mg/
100 g FW.

3.1.3. Total oxalate contents of root and stem vegetables

Among the root and stem vegetables, ginger contained the
highest amount of total oxalate, which was 218.5 mg/100 g FW.
Bamboo shoot contained 112.2 mg oxalate/100 g FW which was

Samples (scientific name)

Oxalate content (mg/100 g FW)

Present study Honow and Hesse (2002) Kunchit et al. (2006)

Cucurbitaceae

Bitter melon (Momordica charantia L.)

Smooth luffa (Luffa cylindrica (L.) Roem.)

Angled luffa (Luffa acutangula (L.) Roxb.)

Green cucumber (Cucumis sativus L.)

Cucumber (Cucumis melo L. var. conomon (Thunb.) Makino)
Yunnan melon (Cucurbita pepo L.)

Wax gourd (Benincasa hispida (Thunb.) Cogn.)

Bottle melon (Lagenaria siceraria (Molina) Standl.)

Chieh-qua (Benincasa hispida (Thunb.) Cogn. var. chieh-qua How)
Pumpkin (Cucurbita moschata (Duch. ex Lam.) Duch. ex Poir.)
Solanaceae

White Eggplant (Solanum melongena L.)

Purple eggplant (Solanum melongena L.)

Tomato (Lycopersicon esculentum Mill.)

Cow-horn Green pepper (Capsicum annuum L. var. longum Bailey)
Green bell pepper (Capsicum annuum L. var. grossum (L.) Sendt.)
Red bell pepper (Capsicum annuum L. var. grossum (L.) Sendt.)
Legume

Hyacinth bean (Lablab purpurens (L.) Sweet)

Long-podded cowpea (Vigna unguiculata (L.) Walp. subsp. sesquipedalis (L.) Verdc.)
Cruciferae

Broccoli (Brassica oleracea L. var. italica Plenck)

Cauliflower (Brassica oleracea L. var. botrytis L.)

35.1+1.6

8.6+0.5

54+0.0

43+04 0.4
4.0+0.1
3.6+0.2
<d.L
<d.L
<d.L
<d.L <d.L
24.1+0.2

18.1+0.7

524+0.1 8.5
<d.L

<d.L

<d.l

55+6
11+£2

23.0+0.8
5.8+0.0

<d.L 1.4 (boiled)

<d.L 0.4 27+18

¢ For each type of sample, n=3; ‘FW’=fresh weight; ‘<d.l.’=below detection limit which was 2.5 mg/100 gFW.
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Table 4
Total oxalate contents of root and shoot vegetables.”

Samples (scientific name)

Oxa

late content (mg/100 g FW)

Present study

Honow and Hesse (2002) Kunchit et al. (2006)

Ginger (Zingiber officinale Rosc.) 218.5+18.2

Bamboo shoot (Phyllostachys edulis (Carriére) Houz.) 112.24+9.7 222 +41
Chinese chive flower stalk (Allium tuberosum Rottler ex Spreng.) 36.8+3.3

Taro corm (Colocasia esculenta (L.) Schott) 35.0+1.8

Celery (Apium graveolens L.) 309+23

Sweet potato (Ipomoea batatas (L.) Lam.) 276+13

Lotus root (Nelumbo nucifera Gaertn.) 234+0.8

Carrot (Daucus carota L.var. sativa Hoffm.) 219+1.1 17.8 29+7
Western celery (Apium graveolens L. var. dulce (Mill.) Pers.) 16.1+£0.6

Potato (Solanum tuberosum L.) 11.8+1.0 171

Kudzu (Pueraria lobata (Willd.) Ohwi var. thomsonii (Benth.) Maesen) 11.3+04

Chufa (Eleocharis dulcis (Burm.f.) Trin. ex Henschel) 9.4+0.6

Garlic scape (Allium sativum L.) 6.8+0.2

Yellow onion (Allium cepa L.) 46+0.1

Red onion (Allium cepa L.) <d.L

White radish (Raphanus sativus L. var. Longipinnatus Bailey) <d.l <d.l

2 For each type of sample, n=3; ‘FW’=fresh weight; <‘d.l’=below detection limit which was 2.5 mg/100 g FW.

lower than the oxalate level reported by Kunchit et al. (2006)
(Table 4). Chinese chive flower stalk, taro corm, celery, sweet
potato, lotus root, carrot and western celery contained moderate
amounts of total oxalate, which were 36.8, 35.0, 30.9, 27.6, 23.4,
21.9 and 16.1 mg/100 g FW, respectively (Table 4). The values of
total oxalate in carrot and potato were similar to those reported by
Honow and Hesse (2002). The total oxalate content in taro corm
was lower than the values reported previously (Catherwood et al.,
2007; Savage and Martensson, 2010). The differences in oxalate
values may be caused by the use of different cultivars and/or plants
from different growing or geographical regions. It has been shown
that a significant difference in oxalate content existed among taro
cultivars (Savage and Catherwood, 2007) and cooking methods. For
example, when taros were cut into cubes and boiled in water for
40 min, oxalate content decreased by at least 47%. However, baking
cubes at 180 8C for 40 min, did not bring about a significant change
in the oxalate contents (Savage and Madrtensson, 2010). The oxalate
contents of other root and stem vegetables were all lower than
15 mg/100 g FW.

Table 5
Total oxalate contents of legume seeds, lotus seeds and cereals.”

3.2. Total oxalate contents of lotus seeds, legume seeds and cereals
commonly consumed

Lotus seeds contained a moderate amount of total oxalate
(65.5 mg/100 g FW). Among the legume seeds, rice bean contained
the highest amount of total oxalate, which was 362.2 mg/
100 g FW. Soybean, adzuki bean and black bean contained
moderate amounts of total oxalate, which were 68.6, 58.5 and
41.0 mg/100 g FW, respectively (Table 5). In contrast, vegetable
soybean and soybean sprouts contained low levels of oxalate,
which were less than 15 mg/100 g FW. Moreover, cowpea and
mung bean also contained low levels of total oxalate and thus
could be recommended for kidney stone patients. Here the total
oxalate levels of soybean, adzuki bean and mung bean were higher
than those reported by Chai and Liebman (2005) which maybe due
to all beans were boiled in distilled water before oxalate extraction.
All cereals studied contained relatively small amounts of total
oxalate (<25 mg/100 g FW) except black glutinous rice which
contained 132.9 mg oxalate/100 g FW.

Samples (scientific name)

Oxalate content (mg/100 g FW)

Present study Hoénow and Chai and Kunchit Massey (2007)
Hesse (2002) Liebman (2005) et al. (2006)
Legumes
Rice bean (Vigna umbellata (Thunb.) Ohwi et Ohashi) 362.2+4.1
Soybean (Glycine max (L.) Merr.) 68.6 £0.7 57 204+ 14 82-214
Adzuki bean (Vigna angularis (Willd.) Ohwi et Ohashi) 58.5+3.7 26
Black bean (Glycine max (L.) Merr.) 41.0+0.7
Mung bean (Vigna radiata (L.) Wilczek) 143 +0.9 8 2444
Mung bean sprout (Vigna radiata (L.) Wilczek) 11.1+£0.5
Vegetable soybean (Glycine max (L.) Merr.) 10.0+1.1
Soybean sprout (Glycine max (L.) Merr.) 83405
Cowpea (Vigna unguiculata (L.) Walp. subsp. cylindrica (L.) Verdc.) 7.3+0.2 <3
Other seeds
Lotus seed (Nelumbo nucifera Gaertn.) 65.5+1.1
Cereals
Black glutinous rice (Oryza sativa L. var. glutinosa Matsum.) 132.94+22.2
Glutinous rice (Oryza sativa L. var. glutinosa Matsum.) 221432
Rice (Oryza sativa L. subsp. indica Kato) 20.8+2.2 12.8 <3
Millet (Setaria italica (L.) Beauv.) 12.7+0.2
Sweet corn (Zea mays L. var. saccharata (Sturtev.) Bailey) 6.1+0.2 0.9

2 For each type of sample, n=3; ‘FW’ = weight of flegume seeds after soaking in water overnight. For other samples in this table, ‘FW’ = weight at the time of purchase from a

store; ‘<d.l.’=below detection limit which was 2.5 mg/100 g FW.
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Table 6
Total oxalate contents of fruits.”

Samples (scientific name)

Oxalate content (mg/100 g FW)

Present study

Honow and Hesse (2002) Massey (2007) Kunchit et al. (2006)

Star fruit (Averrhoa carambola L.)

Dragon fruit (Hylocereus undatus (Haw.) Britt. et Rose)

Strawberry (Fragaria x ananassa Duchesne)

Black plum (Prunus salicina Lindl.)

Cavendish banana (Musa acuminata Colla (AAA) cv. Dwarf Cavendish)

Mango (Mangifera indica L.)

Mandarin orange (Citrus reticulata Blanco)

Persimmon (soft) (Diospyros kaki Thunb.)

Persimmon (hard) (Diospyros kaki Thunb.)

Guava (Psidium guajava L.)

Grape (Vitis vinifera L.)

Pear (Pyrus nivalis Jacq.)

Raisin grape (Vitis vinifera L.)

Nectarine (Amygdalus persica L. var. aganonucipersica
(Schiibler et Martens) Yii et Lu)

Apple (Malus pumila Mill.)

Dwarf banana (Musa nana Lour)

Plantain (Musa x paradisiaca L.)

Hami melon (Cucumis melo L.)

Pomelo (Citrus grandis (L.) Osbeck)

Ziziphus mauritiana (Ziziphus mauritiana Lam.)

Watermelon (Citrullus lanatus (Thunb.) Matsum. et Nakai)

Green apple (Malus pumila Mill.)

Pawpaw (Carica papaya L.)

1114422

97.1+1.1
314439
22.7+43
19.5+£0.9
18.5+0.5
13.7+£0.6
8.5+0.1
6.3+03
6.2+0.5
4.1+0.3
4.1+0.1
3.8+03
3.8+03

3.5+0.1
34+03
3.1+02
2.7+03
<d.L
<d.L
<d.L
<d.L
<d.L

295.4 80-730
29

6.8
1.6

1.7
3.7

3.5

0.3

1.3 5+2

2 For each type of sample, n=3; ‘FW’=fresh weight; ‘<d.l.’=below detection limit which was 2.5 mg/100 gFW.

Table 7
Total oxalate contents of nuts.”

Samples (scientific name)

Oxalate content (mg/100 gFW)

Present study

Honow and Hesse (2002)

Chai and Liebman (2005)

Almond (Prunus amygdalus Batsch)

Cashew (Anacardium occidentale L.)

Hazel (Corylus heterophylla Fisch. ex Trautv.)

Pine nut (Pinus koraiensis Siebold et Zucc.)

Abalone fruit (Bertholletia excelsa Humb. et Bonpl.)

Chinese torreya fruit (Torreya grandis Fort. ex Lindl. cv. Merrillii Hu)
Peanut (Arachis hypogaea L.)

Pistachio (Pistacia vera L.)

Walnut (Juglans regia L.)

Pecan (Carya illinoensis (Wangenh.) K. Koch.)

Ginkgo seed (Ginkgo biloba L.)

Chinese chestnut (Castanea mollissima Blume)

Pumpkin seed (Cucurbita moschata (Duch. ex Lam.) Duch. ex Poir.)
Watermelon seed (Citrullus lanatus (Thunb.) Matsum. et Nakai)
Sunflower seed (Helianthus annuus L.)

296.1+4.9 3833 491
265.9+28.7 263
194.4+20.8 167.4 221
179.9+6.9 199
151.5+8.9

83.1+5.1

75.6+2.2 131
67.1+2.8 56.5 51
54.1+7.0 77
36.7+1.0 66
26.0+2.6

13.2+2.0

<d.l.

<d.l

<d.l 24.5

¢ For each type of sample, n=3; ‘FW’=original weight at the time of purchase from a store; ‘<d.l.’=below detection limit which was 2.5 mg/100 g FW.

3.3. Total oxalate contents of fruits commonly consumed

All fruits included in this study contained relatively small
amounts of total oxalate (<40 mg/100 g FW), except star fruit and
dragon fruit which contained about 100 mg oxalate/100 g FW
(Table 6). Although the oxalate content of star fruit was lower than
that reported by Honow and Hesse (2002), it should still be
considered as a high oxalate-food. Only a limited amount of star
fruit should be consumed daily as it has been reported that its
neurotoxicity is related to its abundant amount of oxalate (Fang et al.,
2007). The total oxalate contents in pear and apple were similar to
those reported by Honow and Hesse (2002), but those in strawberry,
banana, mango and grape were higher in the present study.

3.4. Total oxalate contents of nuts commonly consumed

Among the nuts, almond, cashew, hazel, pine nut and abalone
fruit contained more than 150 mg oxalate/100 g FW, but Chinese
torreya fruit, peanut, pistachio, walnut and pecan all contained less
than 100 mg/100 g FW. No oxalate was detected in pumpkin,

watermelon and sunflower seeds (Table 7). The oxalate contents of
almond, peanut, walnut and pecan were lower while those of
cashew, hazel, pine nut were similar to those determined using a
commercial oxalate detection kit (Sigma) based on the use of an
oxalate oxidase (Chai and Liebman, 2005). Honow and Hesse
(2002) reported that the oxalate contents in almond and sunflower
seeds were 383 and 24.5 mg/100 g FW which were much higher
than the values obtained in this study. The oxalate contents in
hazel and pistachio found in the present study were, however,
nearly the same as those found in the study of Honow and Hesse
(2002). Despite some variations in the reported values for oxalate
contents of some nuts, it is still clear that the present results
showed that almond, cashew, pine nut, hazel, abalone fruit,
Chinese torreya fruit and peanut should be considered as high
oxalate-foods.

4. Conclusions

The total oxalate contents of about 120 different foods were
determined in this study using an improved enzymatic method
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described previously (Liu et al., 2009). The results confirmed that
star fruit, spinach, amaranth, bamboo shoot, ginger, almond,
cashew, pine nut, hazel and peanut contained high levels of oxalate
as previously described by others. Moreover, water spinach,
Chinese wolfberry, black glutinous rice, dragon fruit, rice bean,
abalone fruit and Chinese torreya fruit should also be considered as
high oxalate-foods. In contrast, the following can be considered as
low-oxalate foods: leaf mustard, cabbage, gourds (except bitter
melon), onion, white radish, chufa, pepper, tomato, broccoli,
cauliflower, mushroom, kelp, fruits (except star fruit and dragon
fruit), pecan, ginkgo seed, Chinese chestnut, pumpkin seed,
watermelon seed and sunflower seed. The differences with other
reports regarding oxalate values for some foods may be because of
different analytical methods used and/or sampling different plants
from different sources and regions. However, the values for the
oxalate contents of some foods obtained in the present study were
comparable to those reported in the study of Honow and Hesse
(2002), which involved a time-consuming procedure and expen-
sive specialist equipment. Thus the method used in the present
study for determination of oxalate with oxalate oxidase prepared
from wheat bran is reliable. Finally, it is more practical to prepare a
large quantity of this enzyme from wheat bran than from the
sources used in other, previously published studies. Therefore, the
present study could be adapted in developing countries to perform
a large-scale quantitative determination of oxalate contents of
different foods produced under local conditions.
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Abstract

Differential expression of rice oxalate oxidase genes (OsOxO17-4) in rice leaves (Oryza sativa L.) in response to biotic
stress was assayed using RT-PCR. OsOx0O4 was induced transiently at 12 h in plants inoculated with the pathogens
of bacterial blight and that of the wounding control. Inoculation with the rice blast pathogen induced OsOxO2
expression compared to the mock spray control. Overexpressing OsOxO71 or OsOx0O4 in rice resulted in elevated
transcript levels of the respective transgene as well as OsOxO3 in leaves compared to that in untransformed wild
type (WT). In a line of RNA-i transgenic rice plants (i-12), expression of all four OsOxO genes except that of OsOx02
was severely inhibited. Oxalate oxidase (OxO, EC 1.2.3.4) activity in plants overexpressing OsOxO1 or OsOx0O4 was
substantially higher than that in WT and the RNA-i lines. It was found that transgenic rice plants with substantially
higher OxO activity were not more resistant to rice blast and bacterial blight than WT. In contrast, some RNA-i lines
with less OxO activity seemed to be more resistant to rice blast while some overexpressing lines were more
susceptible to rice blast than WT. Therefore, OxO might not be a disease resistance factor in rice.
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Introduction

The first germin was found during a search for germination-
specific proteins in wheat [1,2]. It has been identified as an
oxalate oxidase (OxO, EC 1.2.3.4) which catalyzes the
conversion of oxalate in the presence of O, into H,O, [3].
Proteins with 30 to 70% amino acid identities with germins
were designated as germin-like proteins (GLPs) [4]. Most
germins and GLPs occur as oligomeric glycoproteins and are
located in the extracellular matrix [4,5]. Various studies have
shown that germins and GLPs are associated with the
response of plants under biotic stress. For example, the
transcription of germin-like oxalate oxidase gene in wheat and
barley leaves increased following pathogen attack [6,7], and
OxO activity induced by powdery mildew fungus was found
exclusively in the cell wall of barley leaf mesophyll cells. This
has led to the hypothesis that OxO might be responsible for
production of H,0, which is involved in the regulation of the
hypersensitive response during plant-pathogen interactions [6].
OsOx0O4 was induced after inoculation with Magnaporthe
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oryzae (M. oryzae) and Xanthomonas oryzae pv. oryzae (Xo0)
[8], and some OsGLPs also could be induced by M. oryzae
infection [9]. Expression of BnGLP3 and BnGLP12 in rape was
up-regulated after Sclerotinia sclerotiorum infection, but up-
regulation of BnGLP12 expression only occurred in the
disease-resistant line [10]. Overexpression of a wheat germin
with OxO activity in soybean, rape and tomato led to enhanced
resistance to S. sclerotiorum infection [11-13]. Addition of
extracts containing OxO could completely inhibit sclerotia
formation by S. sclerotiorum grown in potato dextrose broth
[14]. Moreover, elevated levels of H,0O,, salicylic acid and
defence gene expression were observed in transgenic
sunflower constitutively expressing a wheat OxO gene [15].
Therefore, OxO is thought to be involved in plant disease
resistance [11,12,15]. However, the precise mechanism
whereby OxO could contribute to plant disease resistance
remains unclear.

Bioinformatics analysis showed that there are four OxO
genes (0Os03g0693700-0Os03g0694000 and herewith referred
to as OsOx0O1-4) which are co-localized with a blast disease

October 2013 | Volume 8 | Issue 10 | e78348



resistance QTL on chromosome 3 in the rice genome [16,17].
These genes share greater than 90% nucleotide identity, but
their promoter regions are distinct, suggesting that the
expression of these genes could be differentially regulated.
Signal peptides of the four genes encoding polypeptides are
predicted by SignalP (http://www.cbs.dtu.dk/services/SignalP/)
to be present at the N-terminus, and OsOxOs are predicted to
be secreted and localized in the extracellular matrix. Feng and
Takano [18] reported that OxO might act as one of the
downstream elements in the signal cascade of rice blast
disease resistance mediated by an OSK, protein kinase.
Recently, the expression of OsOxO4 gene was shown to be
up-regulated earlier in rice blast resistant than in susceptible
lines after inoculation with M. oryzae, suggesting that this gene
might have important roles in resistance to rice blast [8]. In
contrast, Kim et al. [19] showed that germin A (Os08g0189900)
and OsOx0O3 (0s03g0693900) could also be induced by M.
oryzae, but the levels of germin A and OsOxO3 transcripts
were both higher in compatible than in incompatible
interactions at 48 h while the OsOxO3 transcript level was
higher in the incompatible interaction at 72 h.

Suppression in expression of OsGLP genes on chromosome
8 has been correlated with increased susceptibility to rice blast
and sheath blight, suggesting that some of the 12 OsGLP
genes located in the QTL region collectively conferred plant
disease resistance [20]. Moreover, in transgenic rice plants
down-regulating expression of OsGLP1 (0Os08g0460000
located on chromosome 8 which has no nucleotide identity with
the 12 previously mentioned OsGLPs on the same
chromosome) also resulted in increased susceptibility to sheath
blight and rice blast [21]. Overexpressing OsGLP1 with
inherent superoxide dismutase (SOD) activity in transgenic
tobacco improved tolerance to Fusarium solani, and led to
accumulation of more H,0O, and lignin in the vascular bundle of
leaves compared to wild type [22]. Similarly, some members of
GLPs, such as HVGER4d and HvGER5a [23], VVGLP3 [24],
BnGLP3 and BnGLP12 [10] also exhibit SOD activity for the
dismutation of superoxide into oxygen and H,O, and have been
shown to be associated with plant defence. Induction of OxO
and SOD activities by S. sclerotiorum was, however, found in
the susceptible Phaseolus coccineus variety and not in the
more resistant one [25]. The sensitivity of the susceptible line
of bean to oxalate toxicity and oxalate concentration in infected
stem tissues ranked the highest. Since genetic differences in
susceptibility to S. sclerotiorum among different P. coccineus
lines are partially dependent on oxalic acid, OxO should not be
considered as a resistance factor in the interaction between P.
coccineus and S. sclerotiorum [25]. Therefore, the mechanism
by which OsGLPs might influence plant defence is still elusive.

Overall it seems that germins and GLPs are important for
plant defence, but the precise mechanisms of their involvement
remain to be elucidated further and only few of the specific
gene family members have been studied in this regard. Here
we investigated changes in expression of all four OsOxO gene
family members and OxO activity under biotic stress. In
addition, the tolerance of transgenic rice plants with altered
OsOxO expression levels to M. oryzae and Xoo was evaluated.
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Materials and Methods

Plant material and culture conditions

Rice seeds (Oryza sativa L. subsp. Japonica Kato,
Zhonghua11) were sterilized with 5% (v/v) NaOCI for 10 min
followed by 3-5 rinses with tap water. The surface-disinfected
seeds were soaked in deionized water for 12 h before they
were germinated on a sheet of water-soaked filter paper in a
Petri dish placed in a controlled growth chamber in the dark (28
°C). To study the effect of rice blast on OsOxO gene
expression, the germinated seeds were transferred to soil and
grown to the three-leaf stage in a glasshouse. Then fully
expanded leaves were pooled after inoculation with M. oryzae
or mocked-spray inoculation for 0, 6, 12, 24, 48 and 72 h. To
study the effect of mechanical wounding and Xoo inoculation
on OsOxO gene expression, the germinated seeds were pre-
grown with complete Kimura B nutrient solution [26] in a
glasshouse. When the seedlings reached the three-leaf stage,
they were transferred to soil and grown to the booting stage,
then leaves were harvested at 0, 12, 24 and 48 h after
inoculation or mechanical wounding.

Extraction and assay of OxO activity

Freshly collected rice leaves or palea and lemma (about 10
mg) were ground in liquid nitrogen and processed for OxO
activity determination according to the procedure of Zhang et al
[27] with some modifications. The enzyme assay mixture
contained 40 mM succinic acid/NaOH buffer at pH 3.8, 60 %
(v/v) ethanol, 0.8 mM oxalic acid, 0.025% N, N-dimethylaniline,
0.1 mg/mL 4-aminoantipyrine and 5 units/mL of horseradish
peroxidase. Trichloroacetic acid (TCA, 0.1%) was added after
the mixture was incubated at room temperature for 5-60 min
and then centrifuged at 12000xg for 5 min at 4 °C. The
absorbance of the supernatant was measured at 555 nm
against the control reaction without oxalic acid. OxO activity
was determined as the amount of H,0, (nmol) produced per
min by enzyme extracts prepared from 1 g fresh tissue.

Analysis of OsOx017-4 gene expression by semi-
quantitative RT(/PCR

RT-PCR was conducted to profile the expression patterns of
four OsOxO genes. Total RNA was extracted using Trizol
(Invitrogen, U.S.A), and then treated with DNasel (Takara,
Japan). About 1 uyg RNA was used for cDNA synthesis in a 25
uL reaction volume with ReverTra Ace (Toyobo, Japan) and
oligodT ,, primer according to the manufacturer’s instructions.
Amplification of the actin gene with an optimal number of PCR
cycles in each sample was used as positive control for each
OsOxO gene. PCR was performed using a PTC-200 machine
(Bio-RAD, U.S.A), and the PCR products were separated on
1% (w/v) agarose gels and then visualized with Goldview
(Amresco, U.S.A) staining. Primers used for RT-PCR
experiments are listed in Table 1.

Culturing plant pathogens and inoculation methods

The conidium suspension of M. oryzae GDO8-T13 was
obtained according to Yang et al [28]. Plants were spray
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Table 1. Primer sets for RT-PCR analysis of OsOxO17-4.
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Accession number Gene Forward primer(5'-3') Reverse primer(5'-3') size
0s03g0693700 OsOxO1 AAGAAATTG AGCCGAGACCTG ACCACCCTGGAGTAGTACCTGTT 511
0s03g0693800 0OsOx02 ACCATA ACAGCTGGAGTGGTGTTCG TGTCCACACGCAGCGCCTTAA 625
0s03g0693900 OsOx03 TTCAAAGCAGCTGGGTTGGTGT ACAATGTGAGCGGGACGAAGAC 568
0s039g0694000 OsOx04 TTGTCACTGCGCTTCTTTCC GCTCAACTACACCAGCATCCAC 766

doi: 10.1371/journal.pone.0078348.t001

inoculated with 1x10° conidia per milliliter suspended in
sterilized deionized water or sterilized deionized water alone
(mock-spray inoculation). After inoculation, seedlings were put
in a chamber in the dark at 100% relative humidity for 24 h
before they were returned to the glasshouse. Cultures of Xoo
SCX1-6 grown on slant peptone-sucrose agar (PSA) medium
in the dark at 28 °C for 3 days were diluted to approximately
3x108 cells per milliliter with sterile deionized water [29]. Rice
leaves at the booting stage were inoculated by cutting off the
leaf tip with scissors which had previously been dipped in the
bacterial suspension or in sterile deionized water as the
wounding control. Infection of the treated leaves was examined
after 20 days of inoculation.

Generation of OsOxO silencing and overexpressing
transgenic rice plants

A fragment of the conserved sequence of OsOxOs was
amplified for use in silencing OsOxO genes. After digestion
with restriction enzymes BamHI and Hindlll, the fragment was
then ligated in RNAi vector pYLRNAIi.5 (provided by Dr.
Yaoguang Liu, South China Agricultural University) that
contained two multi-cloning sites (MCS) separated by an intron.
The fragment was firstly inserted in a sense orientation at
MCS1 between BamHIl and Hindlll. After cutting with the
restriction enzymes and DNA sequencing confirmed the correct
orientation and sequence of the fragment being 100% identical
to the cDNA (Os03g0693700) reported in NCBI, a second
fragment was amplified between the Mlul and Pstl restriction
sites at the ends from the ligated vector. This second fragment
was then ligated at MCS2 between Pstl and Mlul. In this way,
an opposite orientation in contrast to the sequence at
MCS1was generated. For overexpression of OsOxO71 or
OsOx04 in rice, fragments containing complete ORF
sequences for OsOxO171 and OsOxO4 were cloned using RT-
PCR. After digestion with restriction enzymes, the resulting
fragments were cloned in the transformation vector pOX
(provided by Dr. Yaoguang Liu, South China Agricultural
University) containing the hygromycin resistance gene as a
selectable marker under the control of ubi as a promoter. After
cutting with restriction enzymes and DNA sequencing
confirmed the correct orientation and the sequences of the
fragments being 100% identical to the respective cDNAs
(Os03g0693700 and Os03g0694000) reported in NCBI, the
foresaid vectors were then transformed into rice callus via an
Agrobacterium-mediated transformation procedure according
to Hiei et al [30] with some modifications. Transgenic rice
plants that showed a single T-DNA insertion in TO and 3:1
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segregation ratios in the T1 were bred to obtain homozygous
lines which were screened for changes in OsOxOs mRNA
levels by RT-PCR analysis and further characterization.

Transgenic rice lines in response to biotic stress

Transgenic rice seedlings were grown in soil to the three-leaf
stage in a glasshouse and then inoculated with M. oryzae
GDO8-T13. Infection was examined at 7 d after inoculation.
When seedlings were grown to the booting stage, leaves from
transgenic lines and wild-type plants were inoculated with Xoo.
At the preliminary stage of head sprouting, leaf sheaths were
unwrapped and the enveloped young ear panicles were
inoculated with M. oryzae GDO8-T13. Infection was examined
after 20 days of inoculation.

Localization of OxO activity in rice roots

Root tissue samples were frozen and cut using a freezing
microtome into 30 pm thick cross sections which were
transferred to glass slides and immersed in a developing
solution containing 40 mM succinic acid/NaOH buffer at pH 3.8,
60 % (v/v) ethanol, 2 mM oxalic acid, 0.5 mg/L 4-chloro-1-
naphthol and 5 units/mL of horseradish peroxidase. After about
5 min, the staining patterns of the sections were photographed
under a light microscope (Leica, German).

Statistical analysis

For each treatment, data were statistically analyzed using
MS Excel for Windows, and significant differences between
various treatments were analyzed using the Duncan's new
multiple range method of the DPS v6.55 (DPS Soft Inc., Tang,
Hangzhou, China.) analytical software.

Results

Effects of bacterial blight and rice blast on expression
of OsOxO genes in rice leaves

Only OsOx04 transcript was detected in leaves at time 0
(before respective pathogen inoculation and respective
controls). Differential expression of the four OsOxO gene family
members was found in rice leaves following inoculation with the
respective pathogen causing bacterial blight, or rice blast and
the respective mock inoculation controls (Figure 1). The
transcripts of OsOx017-3 were not detected or at very low levels
in rice plants inoculated with Xoo and that of the mock
inoculation (wounding control) (Figure 1 A and B). In contrast,
expression of OsOx0O4 was induced in response to inoculation
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Figure 1. Expression of OsOxO17-4 in rice leaves in response to pathogen inoculation. When Zhonghua 11 seedlings were
grown to the booting stage, leaves were wounded without Xoo SCX1-6 cultures (mock inoculation control) (A) and inoculated with
Xoo SCX1-6 (B). Three-leaf stage Zhonghua 11 seedlings were spray inoculated with water (C) and M. oryzae GDO8-T13 (D). Then
total RNA was extracted from the treated leaves at 0, 12, 24 and 48 h after inoculation for analysis using semi-quantitative RT-PCR.

doi: 10.1371/journal.pone.0078348.g001

with Xoo and wounding (mock inoculation control) at 12 h
(Figure 1 A and B). However, by 24 h the OsOx0O4 transcript
decreased to levels similar to those at earlier times in the mock
inoculation controls and the plants inoculated with Xoo (Figure
1 A and B). OsOxO71 and OsOxO3 transcripts were not
detected in plants inoculated with M. oryzae and those of mock
spray inoculation (Figure 1 C and D). The OsOxO2 transcript
exhibited a higher level in plants inoculated with M. oryzae at
48 and 72 h but was not induced in those of the mock spray
control. Similar expression patterns of OsOx0O4 were found in
plants inoculated with M. oryzae and those of the mock spray
control.

Characterization of transgenic plants

To determine whether expression of OsOxO can confer
resistance against several rice pathogens, transgenic rice
plants constitutively overexpressing OsOxO7 or OsOxO4 or
silencing OsOxOs were generated successfully. 60 and 54
lines overexpressing OsOxO1 and OsOx04, respectively, and
22 silencing lines were obtained. Southern blotting of genomic
DNA showed integration of a single copy of the T-DNA (data
not shown) into the genomes of several overexpressing lines
(01-7, O1-18, O1-27, 04-9, 04-29 and 04-54), and silencing
lines (-1, i-5, and i-12) which were chosen for further
characterization. The transgenic plants exhibited normal growth
similar to that of the wild type (Figure S1). At the three-leaf
stage, expression of OsOxO71 and OsOx0O3 was detectable in
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the leaves of 01-7, 01-18 and 01-27 but not in those of WT
(Figure 2A). Expression of OsOxO2 was not affected by
overexpression of OsOxO1 as the transcript of OsOx0O2 was
not detectable in the leaves of the three transgenic lines as well
as in those of WT (Figure 2A). The OxO activities in the leaves
of 01-7 and 01-18 were substantially higher than that in the
leaves of WT while that in 01-27 was several folds lower than
the other two overexpressing lines but still higher than that in
WT (Figure 2B). Overexpression of OsOx0O4 had no effect on
the expression of OsOxO71 and OsOxO2 as their transcripts
were not detectable in the leaves of 04-9, 04-29 and 04-54 as
well as in those of WT (Figure 2C). The expression of OsOx0O3
and OsOx0O4 was also not affected in 04-9 but was strongly
elevated in 04-29 and 04-54 (Figure 2C). This correlated with
the lowest level of OxO activity found in the leaves of 04-9
which was similar to that in WT (Figure 2D). The levels of OxO
activity found in the leaves of the three overexpressing lines
were in the following decreasing order: 04-29, 04-54 and 04-9.
In the palea and lemma of i-1, the transcript levels of
0OsOx01-4 were apparently the same as those of WT (Figure
2E). In i-5, the expression of OsOxO7 and OsOxO4 was
inhibited more strongly than that of the other two gene family
members and expression of all four OsOxO genes but that of
OsOx02 was severely inhibited in i-12. It was also confirmed
that the OxO activities in the palea and lemma of both i-5 and
i-12 were greatly reduced in comparison to that in WT (Figure
2F). By contrast, the levels of OxO activity in the palea and
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Figure 2. Levels of OsOx017-4 transcripts and OxO activity of transgenic rice lines. Levels of OsOxO17-4 transcripts (A, C)
and OxO activity (B, D) in leaf tissues at the three-leaf stage of transgenic rice lines overexpressing OsOxO1 (0O1-7, O1-18 and
01-27), OsOx04 (04-9, 04-29 and O4-54) and wild type (WT). Levels of OsOxO171-4 transcripts (E) in palea and lemma from
OsOx0s-RNAi transgenic lines (i-1, i-5 and i-12) and wild type (WT) at 20 d after anthesis. OxO activity (F) in palea and lemma from
OsOx0Os-RNAi transgenic lines (i-5 and i-12), wild type (WT) and overexpressing transgenic lines (O1-7, 01-18, 04-29 and 0O4-54)

at 15 d after anthesis.
doi: 10.1371/journal.pone.0078348.9g002

lemma of four overexpressing lines (0O1-7, 01-18, O4-29, and
04-54) were substantially higher than those in WT and the
silencing lines. In each of the four overexpressing lines, the
OxO activities in the palea and lemma were apparently higher
than those in the leaves (compare Figure 2 B, D and F).

Most OxO activity remained in the pellet after centrifugation
of extracts from OxO overexpressing transgenic plants. Activity

PLOS ONE | www.plosone.org

staining in cross sections of roots (Figure 3) revealed that the
OxO activity in both OsOxO7 and OsOxO4 overexpressing
lines was located mainly in the extracellular matrix (cell wall).
Response of transgenic rice lines to inoculation with rice
blast and bacterial blight pathogens
No obvious difference was observed in disease resistance to
rice blast among WT, O4-54 and i-12, while 0O4-29 and i-5
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Figure 3. Staining of OxO activity in transverse root sections of transgenic rice plants and wild-type.

doi: 10.1371/journal.pone.0078348.g003

exhibited a slightly higher level of disease severity than WT
(Figure S2, Figure 4). By contrast, the susceptibility to rice blast
of O1-7 and O1-18 increased remarkably compared to WT
(Figure 4). The response of the transgenic rice lines to panicle
blast was also investigated. There was no significant difference
among WT, O4-29 and O4-54 in response to inoculation of the
panicles with M. oryzae, while WT exhibited a lower panicle
blast scale than O1-7 and O1-18 but a higher panicle blast
scale than that of i-5 and i-12 (Figure 5). Interestingly, OxO
activity in the palea and lemma of WT was 106.93 nmol H,O,/
gFW. min which was remarkably (at least 10-fold) lower than
that in O1-7, 01-18, O4-29 and 0O4-54 but higher than that in
i-5 and i-12 (Figure 2F). Moreover, the trend and the levels of
OxO activity in the palea and lemma of M. oryzae susceptible
variety LJH were similar to those in the wild-type Zhonghua 11
during seed development (Figure 6). There was no significant
difference in resistance of several OsOxOs overexpressing or
RNA-i lines except 04-29 to bacterial blight (Figure 7)
compared with WT.

Discussion

The members of the OsOxO gene family exhibited different
temporal and spatial expression patterns. OsOxO71 was mainly
expressed in the palea and lemma while OsOx02-4 mainly in
rice seedlings. The transcript level of each gene was regulated
developmentally (unpublished). A survey of various EST

PLOS ONE | www.plosone.org

libraries found OsOx0O4 ESTs not only in those of healthy rice
root, shoot and leaf, but also in those of plants under drought,
cold and metal (CuSO,) stress. The expression of OsOxO4
was increased after inoculation with M. oryzae and Xoo, insect
or mechanical damage [8]. Moreover, many OsGLP of the
GER4 subfamily and one GER3 (OsGLP8-12) were induced by
M. oryzae, while most of the OsGLP genes were also induced
by mock inoculations [9]. However, our results showed that
there was no stimulation in expression of OsOx04 as a result
of inoculation with M. oryzae, and OsOxO2 was induced,
elevated expression of OsOx0O4 at 12 h after wounding and
inoculation with Xoo, suggesting that expression of this gene
might not be associated with bacterial blight. The increases of
OsOxO transcripts maybe due to an increase in hydrogen
peroxide (H,O,) in rice seedlings because H,O, could be
produced in response to a variety of stimuli including wounding
(mock-inoculation) and pathogen infection. It has been shown
that there was an increased accumulation of H,0O, in leaf
tissues of a resistant rice variety after inoculation with M.
oryzae [9]. The transcripts of HYvGER1, HYGER4, HYGER5 and
NaGLP were induced by exogenous application of H,O,
[23,31]. Moreover, our results showed that the levels of
OsOx01-4 transcripts all increased in rice roots and leaves
following H,O, treatment (unpublished) and would seem
therefore be consistent with the notion that differences in
OsOxOs expression patterns in rice plants under a variety of
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Figure 4. Scale of rice blast in leaves of transgenic lines and wild-type rice plants. Transgenic lines O1-7, O1-18, 04-29,
04-54, i-5 and i-12 and wild type (WT) at the three-leaf stage were inoculated with M. oryzae GDO8-T13. Leaf blast symptom was

examined at 7 d after inoculation.
doi: 10.1371/journal.pone.0078348.9g004

stresses could be due to differential accumulation of H,O, in
response to stress.

Many GLPs were associated with QTLs for disease
resistance. For example, OsOxO17-4 were co-localized with a
blast disease resistance QTL on chromosomes 3 in the rice
genome [17], and HYOXOLP was co-localized to a wheat QTL
for resistance against Pyrenophora ftritici-repentis [32].
Overexpression of a wheat or barley OxO gene enhanced the
resistance of plants to diseases [11,12,15,33]. Down-regulation
of the SOD-active OsGLP110s08g0460000 on chromosome 8
in the rice genome) made the transgenic rice plants more
susceptible to sheath blight and rice blast [21], while
overexpressing OsGLP1 in tobacco improved the tolerance to
Fusarium solani [22]. When OsGLP genes were silenced, the
plants became more susceptible to M. oryzae and Rhizoctonia
solani [20]. Nevertheless, it is not known if the proteins
encoded by the genes in the previous studies possessed SOD
or OxO activity. Therefore, it is possible that the decrease in
resistance to rice blast exhibited by transgenic rice with down-
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regulated OsGLP expression might have nothing to do with
OxO activity. On the contrary, our results showed transgenic
rice lines overexpressing OsOxO1 or OsOx0O4 did not show
improved resistance to rice blast. Furthermore, the transgenic
rice lines overexpressing OsOxO171 were more susceptible to
rice blast than WT and OsOxOs-RNAi transgenic rice lines
were more resistant to panicle blast than WT, in spite of a
higher level of OxO activity in WT than the silencing lines.
Moreover, OxO activity in the palea and lemma of the more
susceptible rice variety LJH was slightly higher than that in
Zhonghua 11 (or WT). The results indicated rice blast
resistance was not correlated with variation in OxO activity in
different lines of rice plants. Interestingly, transient silencing of
HvGER3 made barley more resistant to Blumeria graminis [23].
Moreover, induction of OxO by S. sclerotiorum only occurred in
a susceptible P. coccineus variety which had a higher oxalate
level and was more susceptible to oxalate toxicity compared to
a resistant variety, indicating OxO should not be considered as
a disease resistance factor [25]. The expression level of
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Figure 5. Panicle blast scale of transgenic rice lines and wild-type. At the preliminary stage of head sprouting, panicles from
transgenic lines O1-7, 01-18, 04-29, 04-54, i-5 and i-12 and wild type (WT) were inoculated with M. oryzae GDO8-T13. Panicle

blast scale was examined after 20 days of inoculation.
doi: 10.1371/journal.pone.0078348.9g005

OsGLP8-12 (0Os08g0231400) was higher in a susceptible
variety than in a resistant variety, but that expression level of
OsGLP8-6 (0Os08g0189500) was higher in the resistant variety
[9]. Although some reports have shown that OxO had important
roles in disease resistance, the pathogenic factor of most
diseases caused by S. sclerotiorum was oxalate [11,12,15]. In
these previous studies, the disease resistance mechanism of
the transgenic plants overexpressing OxO was mainly due to
the increased OxO activity being able to catalyze the
degradation of the S. sclerotiorum toxin oxalate and producing
the defense-inducing molecule H,O, which has been
demonstrated to play important roles in combating various
diseases in plants.

Interestingly, overexpression of 0OsOxO71 enhanced
expression of OsOxO3 but reduced OsOxO4 expression in

PLOS ONE | www.plosone.org

some of the transgenic rice lines. Similarly, overexpression of
OsOx04 enhanced the expression of OsOxO3 but had no
effect on expression of the other two gene family members.
The mechanism underlying the observed gene interactions is
not clear. This, however, suggests that in the transgenic rice
lines overexpressing OsOx0O1 or OsOx04 and the RNA-i lines,
activation or suppression of other defence-related genes might
occur. This could influence the observed performance of these
transgenic lines grown under biotic stress in this study.

In conclusion, the responses of the transgenic rice lines to
biotic stresses indicated that overexpression of OsOxO71 or
Os0Ox04 cannot improve resistance to rice blast and bacterial
blight, and that OsOxO1 might make rice more susceptible to
rice blast. It is doubtful that OxO is a disease resistance factor
in rice.
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Figure 6. OxO activity in palea and lemma during rice seed development. Palea and lemma were sampled for OxO activity at
5, 10, 15, 20, 25 and 30 d after anthesis of Lijiangxintuanheigu (LJH) and Zhonghua 11 wild type.
doi: 10.1371/journal.pone.0078348.g006
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Figure 7. Lesion lengths in leaves of transgenic rice lines. Leaves at the booting stage of rice transgenic lines 01-7, 01-18,
04-29, 04-54, i-5 and i-12 and wild type (WT) were inoculated with Xoo SCX1-6. Lesion lengths of inoculated leaves were
determined after 20 days of inoculation.

doi: 10.1371/journal.pone.0078348.g007
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Supporting Information

Figure S1. Appearance of transgenic and wild-type rice
seedlings before inoculation with M. oryzae GDO8-T13.
(TIF)

Figure S2. Appearance of leaves from transgenic and
wild-type rice plants at 7 d after inoculation with M. oryzae
GDO8-T13.
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Function of Oxalate Oxidase (OxO) during Coleoptile Senescence in Rice (Oryza

sativa L.)
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Abstract: Oxalate oxidase (OxO; EC1.2.3.4) catalyzes oxidation of oxalate and yields CO, and H,0O,. It may
play important roles in plant growth and defense. In this study, OxO activity, oxalate content and H,O, produc-
tion were detected during senescence of coleoptiles in the rice (Oryza sativa) ‘Xiangnuo 1’ to analysis the
possible functions of OxO in senescence of coleoptiles. The results showed that H,O, content was enhanced
with the senescence of coleoptiles. OxO activity was very low at 96 h after imbibition, and then increased
significantly and with a maximum at 240 h. Conversely, the levels of soluble protein, oxalate, O, and catalase
(CAT) activity in coleoptiles were the highest at 96 h, and then decreased. It suggested that OxO might be
involved in the senescence of coleoptiles in rice by catalyzing the oxidation of oxalate.
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Enzymologica Properties of Oxalate Oxidase from Rice Bran

ZHOU Hai LUO Wei LIU E-e* PENG Xin-xiang
(Laboratory of Molecular Plant Physiology, College of Life Sciences, South China Agricultural University,
Guangzhou 510642, China)

Abstract The activity of oxaate oxidase (OxO, EC1.2.3.4) was detected in rice bran and this enzyme was found to be mainly
richiin cdl wall. The optimal reaction pH and Km vaues of this enzyme towards oxalate as asubstrate were 2.5 and 0.63 mmol/L,
respectively. An inhibitory effect against OxO was observed when oxalate concentration was over 2.0 mmol/L. Meanwhile, the
enzyme exhibited high thermo-stability and resstanceto SDS, pepsin and NaCl. Although EDTA, NH4*, Cl , Mn?, COs? , Na',
K*, H2POs , SO+? , Fe?* and PO<® at the concentration of 1 mmol/L had no effect on OxO activity, NOs , Co*, Zn%, Cu®,
Mg?, Cat*and AlI* a theidentical concentration exhibited strong an inhibitory effect against OxO activity. Therefore, OxO from
rice bran may be widédly used to detect oxalate level, which will provide theoretical evidence for the ingredient analysis of
functional foods.
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ABSTRACT: An efficient plant regeneration system for Benincasa hispida Cogn. var. chieh-qua was developed using
explants isolated from mature seeds germinated on moist filter paper under aseptic conditions for 3 days in the dark
and 2 days under light. Shoot regeneration frequency (percentage of explant-forming shoots) was about 90% when the
proximal cotyledon portion with a 1 mm-long hypocotyl segment was first cultured on Murashige and Skoog (MS) medium
supplemented with 6.0 mg/l benzylaminopurine (BA) and 0.2 mg/l naphthalene acetic acid (NAA) for 4 days and then
transferred to MS medium containing 1 mg/l BA for 4 weeks. About 80% of the regenerated shoots could elongate further.
The root induction medium was half-strength MS medium with 0.01 mg/l NAA and 0.01 mg/l BA. The average rooting

frequency was about 93%.

KEYWORDS: adventitious shoot formation, organogenesis, pre-culture, hairy melon

INTRODUCTION

Chieh-qua (Benincasa hispida Cogn. var. chieh-qua
How, hairy melon) is a primary vegetable crop in
South China and is a member of the Cucurbitaceae
crops. In recent years, as a result of the ever ex-
panding and more intense cropping, there is an in-
creasing threat of more frequent outbreaks of diseases
which would severely curtail the hairy melon supply.
Therefore, there is a great urgency to develop new
disease-resistant chieh-qua germplasm. One effective
approach to solve this problem is the use of genetic en-
gineering to transfer heterologous disease-resistance
genes into existing germplasm of chieh-qua. An im-
portant prerequisite for a successful plant transforma-
tion is the development of a yet unavailable efficient
plant regeneration system in vitro for chieh-qua'.

Up to now, there have been a number of stud-
ies on in vitro regeneration of several Cucurbitaceae
crops including cucumber? 3, watermelon*>, melon®,
squash’-3, bottle gourd?, figleaf gourd '°, ash gourd !,
muskmelon'?, and chieh-qua'. However, only in
cucumber, watermelon, squash, and melon, efficient
and reliable plant regeneration protocols have been
established. The regeneration system of chieh-qua
is still problematic because the frequency of shoot
regeneration was low and unstable (the highest was

www.scienceasia.org

68%), and moreover, the adventitious shoots formed
were stunted and difficult to elongate, in spite of the
effects of photoperiod, genotype, medium type, and
various plant growth regulators on explants regen-
eration had been assayed'?. Therefore, the present
study aimed to optimize regeneration of chieh-qua by
analysing the effects of plant growth regulators, pre-
culture treatments, and different explant types.

MATERIALS AND METHODS
Seed germination under aseptic conditions

Seeds of an inbred line of chieh-qua called A39 pro-
vided by Guangdong Province Agricultural Institute,
China, were used. Seed coats were removed and
then disinfected with 5% (v/v) sodium hypochlorite
for 15 min followed by five rinses with sterile distilled
water. Then, about 20 disinfected seeds were placed
on a paper bridge dipped in sterile deionized water in
an Erlenmeyer flask. A growth room kept at 25 °C
with the following illumination conditions was used
for seed germination: 3 days in the dark followed by
2 days of a 12/12 h photoperiod with irradiance of
40 umol m—2 s~ !,

Plant regeneration experiments

Five types of explants were prepared for investigation
of their response to the induction of shoot regeneration
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in vitro. Firstly, the root of an aseptically grown
chieh-qua seedling was excised and discarded. Then
the cotyledons were cut in the middle into the distal
and proximal halves with reference to the point at
which the hypocotyl was attached to the cotyledons.
The distal cotyledon halves were discarded. The
hypocotyl was split longitudinally into two halves
each still attached to a proximal cotyledon half. A
type 1 explant was a proximal cotyledon half attached
to a small portion (about 3 mm) of the split hypocotyl.
A type 2 explant was the junction region consisting
of a small portion (about 1 mm) of the proximal
cotyledon half still attached to a small portion (about
3 mm) of the hypocotyl half. A type 3 explant was the
proximal cotyledon half attached to 1 mm-long of the
split hypocotyl. Type 4 explants consisted of only the
proximal cotyledon halves. Type 5 explants were sim-
ilar to the type 4 explants except that the 2 mm-long
cotyledon segment closest to where the hypocotyl half
was attached was excised and discarded. The explants
were placed with the adaxial side down on basal
Murashige and Skoog (MS) medium supplemented
with 3% (w/v) sucrose, 6 mg/l benzylaminopurine
(BA) and 0.2 mg/1 naphthalene acetic acid (NAA) for
4 days before they were transferred to MS medium
supplemented with 1 mg/l BA and 0.2 mg/l NAA.
After 4 weeks of culture, the percentages of explants
producing shoots were determined.

To investigate the effect of different concentra-
tions of BA on shoot regeneration, type 3 explants
were placed with the adaxial side down on basal MS
medium supplemented with 3% (w/v) sucrose and
different concentrations (1, 2, 4, or 6 mg/l) of BA
in combination with 0.2 mg/l NAA. To investigate
the influence of pre-culture treatments, type 3 explants
were pre-cultured on MS medium supplemented with
6 mg/l BA and 0.2 mg/l NAA for 2, 3, 4, and 5 days,
respectively, before they were transferred onto media
supplemented with 1, 2, or 4 mg/l BA and 0.2 mg/l
NAA. In a follow-up experiment, type 3 explants
were pre-cultured for 4 days on medium supplemented
with 6 mg/l BA and 0.2 mg/l NAA before transferred
to media supplemented with 1 mg/l BA and 0, 0.1,
or 0.2 mg/l NAA. After 4 weeks of culture, the
percentages of explants producing shoots (herewith
referred to as regeneration frequency in percent) in
each treatment were determined.

Elongated shoots were excised and rooted on half-
strength MS medium solidified with 3 g/l phytagel,
supplemented with 0.01 mg/l BA alone or in com-
bination with 0.01 mg/l NAA or 0.05 mg/l indole-3-
acetic acid (IAA). The number of roots formed per
cultured shoot (root/shoot ratio), percentage of shoots
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Table 1 Effect of explant type on shoot regeneration
frequency (percentage of explants forming shoots).

Ex. type Description of explant Reg. (%)

1 Proximal cotyledon portion with 87 +2°
hypocotyl segment

2 Junction of hypocotyl and cotyledon 82 4 2°

3 Proximal cotyledon portion with 86+ 1°
1 mm-long hypocotyl segment

4 Proximal cotyledon portion 38 +2°

5 Proximal cotyledon portion with o¢

the most proximal 2 mm removed

* Values of regeneration followed by a different letter are
statistically different at 5% level.

forming roots (rooting frequency) and root length
were determined after about 2 weeks of culture. The
pH of all the media was adjusted to 5.8 prior to the
addition of agar (1% w/v) or phytagel as required. All
media were autoclaved at 121°C for 15 min before
use. There were three replicates (60 explants) in each
treatment. All cultures were kept in a growth room at
25°C and under a 12/12 h photoperiod with irradiance
of 40 umol m—2 s~ !,

Data analysis

For each treatment, data were statistically analysed
using a spreadsheet application, and significant dif-
ferences between various treatments were analysed at
5% level by Duncan’s new multiple range method of
DPS v6.55 (DPS Soft Inc., Tang, Hangzhou, China.)
analytical software.

RESULTS

Effect of type of cotyledon explants on shoot
regeneration

Among the five types of explants tested for inducing
shoot regeneration, only type 5 explants did not form
any shoots. Shoot regeneration frequency was slightly
lower in type 2 explants than in type 1 explants.
Nevertheless, a majority (more than 80%) of type 1 to
type 3 explants formed shoots. In contrast, only 38%
of type 4 explants regenerated shoots (Table 1).

Effect of BA on shoot regeneration

Type 3 explants (proximal cotyledon half attached to
I mm-long split hypocotyl segment) were cultured
on MS medium containing different concentrations of
BA in combination with 0.2 mg/l NAA for 4 weeks.
The percentage of the explants forming shoots was
significantly higher on the medium containing 6 mg/1
BA than 1 mg/l BA. There was no significant differ-
ence in the percentage of explants forming shoots on
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Fig. 1 Effect of different BA concentrations with 0.2 mg/l
NAA on shoot regeneration frequency (percentage of ex-
plants forming shoots) in type 3 cotyledon explants of
chieh-qua. Data were obtained after 4 weeks of culture.

media containing 2, 4, or 6 mg/l BA (Fig. 1). How-
ever, the shoots formed seemed to elongate slightly.

Effect of pre-culture time and transfer to media
with varying BA or NAA concentrations

No obvious effect of the pre-culturing treatments was
found as far as the percentage of explants forming
shoots after 4 weeks of transfer to medium with 1 mg/1
BA and 0.2 mg/l NAA (Fig. 2). However, the shoots in
the explants cultured on medium supplemented with
1 mg/1 BA appeared to elongate more than those in the
explants cultured with 2 or 4 mg/l BA. Following pre-
culture for 4 days, shoot regeneration frequency could
reach 90% when the explants were cultured on MS
medium supplemented with 1 mg/l BA alone (Fig. 3).
The presence of NAA (0.1 or 0.2 mg/l) in addition to
BA decreased shoot regeneration frequency to about
80%.

Effect of plant growth regulators on in vitro
rooting of regenerated shoots

After 4 weeks of culture, well-developed shoots ob-
tained by pre-culturing explants on the MS media
supplemented with 6 mg/l BA and 0.2 mg/l NAA
for 4 days before they were transferred onto MS
medium supplemented with 1 mg/l BA were excised
and rooted. There was no significant difference in
rooting frequency (percentage of explants forming
roots) whether the shoots were cultured on half-
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Fig. 2 Effect of pre-culture time on shoot regeneration
frequency (percentage of explants forming shoots) in type 3
explants cultured on medium with 6 mg/l BA and 0.2 mg/l
NAA. Data were obtained after transfer to followed medium
with 1 mg/l BA and 0.2 mg/l NAA for 4 weeks.

Fig. 3 Shoot regeneration frequency (percentage of explants
forming shoots) in type 3 chieh-qua cotyledon explants after
transfer to culture media containing 1 mg/l BA and different
NAA concentrations. The explants were pre-cultured for
4 days on the medium containing 6 mg/l BA and 0.2 mg/l
NAA before transferred. Data were obtained after 4 weeks
of culture.

strength MS medium supplemented with 0.01 mg/l
BA alone or in combination either with 0.05 mg/l IAA
or 0.01 mg/l NAA. But shoots cultured on the medium
supplemented with BA alone produced fewer roots per
shoot than those cultured on the BA-containing media
supplemented with 0.05 mg/l IAA or 0.01 mg/l NAA.
Maximum rooting (100%) as well as production of
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Table 2 Effect of plant growth regulators on rooting of in
vitro regenerated shoots.

Culture medium Rooting fre- Root/shoot Root length
(12 MS +) quency (%) ratio (cm)
0.01 mg/l BA 93.9+£54" 47419 36419
0.01 mg/l BA 93.5+£58" 7.143.1* 33+£15%
+0.01 mg/l NAA

0.01 mg/l BA 100.0+£0.0° 8.0+£3.0° 3.1+1.7°
+ 0.05 mg/l IAA

* Values of rooting frequency, root/shoot ratio, and root
length followed by a different letter, in a row, are
statistically different at 5% level.

normal roots (8 roots per shoot) were observed in
shoots cultured on the 1/2 MS medium supplemented
with 0.01 mg/l BA and 0.05 mg/l IAA. However,
there was no significant difference in the number of
roots per shoot, root length and rooting frequency of
shoots cultured in the media supplemented with IJAA
and NAA (Table 2).

DISCUSSION

The type of explant is an important factor for morpho-
genesis in tissue culture®. Preparation and position of
the cotyledon explant in relation to other seed parts
have a significant effect on the frequency in vitro
shoot regeneration in Cucurbitaceae crops. In winter
squash, only the cells in the proximal portion of the
cotyledon have the potential for adventitious shoot
formation®. In the present study, the frequency of
shoot regeneration was reduced markedly after remov-
ing the hypocotyl from the cotyledon and removing
the most proximal 2 mm of the cotyledon resulted
in 0% shoot formation. Likewise, explants with the
most proximal 2 mm of the cotyledons removed led
to the loss of shoot regeneration in squash’. In
pumpkin, cotyledonary explants without the proximal
region also failed to regenerate shoots'*. Similar
observations in figleaf gourd!?, bottle gourd®, and
soybean !> are consistent with the suggestion that the
junction of the hypocotyl and proximal half of cotyle-
don was a highly regenerative region and crucial for
adventitious shoot regeneration. These may be related
to the differences in endogenous conditions prevalent
in different seed parts, especially the level and com-
position of hormones. Endogenous cytokinins and
auxins played an important role in the initiation of
meristematic proliferation centre and the subsequent
bud primordial dormancy in Pinus pinea'®. The
regeneration frequency of rice callus depended on
the endogenous levels of abscisic acid and TAA!7.
The regeneration ability of the pumpkin cotyledon
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explants was also related to the endogenous isopen-
tenyl adenosine content in cotyledonary explants ', In
bottle gourd, AgNO; (an ethylene inhibitor) is able to
promote shoot regeneration from proximal cotyledon
explants®.

Addition of cytokinins to culture media has been
reported to be crucial for the induction of adventitious
shoot and proliferation in vitro shoot regeneration
of numerous Cucurbitaceae such as cucumber, bottle
gourd, squashes, and a Cucurbita interspecific hy-
brid>7-%-18-20 " Cytokinin can be used alone or in
combination with a low concentration of auxins* > 14,
In the present study, the shoot regeneration frequency
increased with increasing concentrations of BA, but
the adventitious shoots formed in media with high
concentrations of BA were stunted in growth and
elongated little. The buds regenerated from the cotyle-
donary nodes of common bean was also significantly
enhanced as the concentration of BA increased but
beyond the optimum 5 mg/1 the shoot buds appeared to
be developmentally suppressed and did not grow fur-
ther?!. Interestingly, most of the regenerated shoots
could elongate and the regeneration frequency could
reach 90% if the explants were pre-cultured on MS
medium containing a combination of 6 mg/l BA and
0.2 mg/l NAA for 4 days before they were transferred
onto MS medium supplemented with 1 mg/l BA with-
out any auxin. This is consistent with another study on
Celosia showing that it is important to investigate the
influence of pre-culture and transfer of explants to me-
dia differing in plant growth regulator on elongation
of in vitro-derived shoots?2. In melon, the addition
of NAA to subculture medium also reduced shoot
regeneration frequencies®. The addition of gibberellic
acid (GA) to elongation medium had no effects on
elongation of adventitious shoots of chieh-qua (data
not shown). This is in agreement with the results of
Dong and Jia* on watermelon. In contrast, 99.2%
of adventitious shoots of cucumber could elongate in
medium supplemented with 4.44 uM BA and 1.44 uM
GA'8. Incorporation of GA and low levels of BA
in the shoot elongation media could enhance shoot
production of squash’. No significant difference was
observed in the number of roots per shoot, root length,
or rooting frequency of chieh-qua shoots cultured on
1/2 MS medium containing IAA or NAA. However,
since NAA is more stable than IAA during culture
and TAA has to be filter-sterilized before adding to
autoclaved media, NAA is preferred for rooting of in
vitro-derived roots of chieh-qua.

The protocol described here is a rapid and reliable
in vitro plant regeneration system for chieh-qua via
direct shoot organogenesis. The entire process, from
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dry seeds to regenerated plantlets, only requires about
two months. In addition, the morphological and
physiological variation of shoots regenerated directly
from explants could be largely minimized?*2*. There-
fore, this simple and rapid in vitro plant regeneration
procedure for chieh-qua is better than indirect ad-
ventitious shoot formation via callus formation which
was difficult to achieve in chieh-qua. Our protocol
can be incorporated into a gene transfer protocol, for
example, Agrobacterium tumefaciens-mediated trans-
formation of chieh-qua to develop improved disease-
resistant plants.
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Abstract

A method for determination of oxalate with oxalate oxidase (OxO, EC 1.2.3.4) prepared from wheat bran, is based on
specific oxidation of oxalate to produce H,O,. The H,O, formed was colorimetrically determined using horseradish
peroxidase-catalyzed oxidation of 4-aminoantipyrine and N,N-dimethylaniline by H,O,. The new method was tested on
rice, buckwheat, soybean and oxalis leaves, showing it is precise, sensitive, inexpensive, highly reproducible and
simple to perform. Good agreement could be obtained between this method and the HPLC.

Additional key words: ascorbic acid; enzymatic analysis; interference

Oxalic acid is a dicarboxylic acid which commonly exist
in plants, animals and microorganisms. Oxalate has been
suggested to be involved in seed germination, calcium
storage and regulation, ion balance, detoxification,
structural strength, and insect repulsion in plants (Horner
and Wagner 1995, Lane 1994). Overall, establishing a
simple and effective method of oxalate determination is
of practical importance.

So far, the methods for determination of oxalate in
plant include titration (Baker 1952), capillary electro-
phoresis (Trevaskis and Trenerry 1996), gas chroma-
tography (Ohkawa 1985), high performance liquid
chromatography (HPLC) (Yu et al. 2000), and enzymatic
analysis (Trevaskis and Trenerry 1996). Most of the
procedures are time-consuming and/or require the
apparatus not easily available. Enzymic colorimetric
determination of oxalate is simple, fast and no special
apparatus must be needed, but this method was mainly
used in measurement of oxalate in urine, because colour
inhibition may be caused by reducing substances, such as
ascorbate. Moverover, OxO prepared from mosses, barley
seedlings, beet stem and banana fruit peel suffers from
interference with CI" and NO; . The problem has been
overcome by using a CI" and NOj insensitive OxO
purified from grain, sorghum leaves (Pundir and Satyapal
1998). However, a bulk quantity of the enzyme is
required for a large number of clinical samples, which
makes it expensive.

Received 16 February 2007, accepted 25 August 2007.

This paper reports an enzymatic analysis, in which the
OxO was very readily prepared from wheat bran and
believed to be highly purified. Such OxO, as naturally
immobilized on the cellulose and/or semi-cellulose, is
much more stable than ever reported to temperature, pH
and storing duration, and is unaffected by 150 mM NaCl
and 6 mM NaNOs.

Oxalic acid standard sample (Sigma, USA),4-amino-
antipyrine (Fluka, Switzerland), horseradish peroxidase
(POD; BioLife Science & Technology Co., Shanghai,
China), OxO (prepared from wheat bran by ourselves and
had applied for patent), other chemicals and biochemicals
were of the highest grade available unless stated.

The pregerminated seeds of rice (Oryza sativa L.)
were grown in Kimura B complete nutrient solution
(pH 4.8), soybean (Glycine max L.) and buckwheat
(Fagopyrum esculentum Moench) were grown in
Hogland nutrient solution about two weeks in greenhouse
(average day/night temperature of 30/25 °C night, relative
humidity 60 - 80 %, photosynthetically active radiation
600 to 1000 pmol m? s* and 14-h photoperiod). The
leaves of oxalis were harvested from the wild plants
(Oxalis corniculata L.).

Fresh samples (0.2 g) were homogenized with 1.6 cm?
HCI (0.5 M), then heated the homogenate in graduate
tubes with boiling water for 20 min and shook the
solution several times during heating. After cooling,

Abbreviations: HPLC - high performance liquid chromatography; OxO - oxalate oxidase; POD - peroxidase.
* Corresponding author; fax: (+86) 02085282023, e-mail: eeliu70@163.com
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distilled water was added to the tube until reachin%
10 cm?, then stayed overnight. The next day, about 1 cm
homogenates were clarified by centrifugation (15 300 g,
10 min) at 4 °C, then was added 0.016 cm® NaOH (2 M)
accurately to 0.5 cm® supernatant, the mixture can be
used to determine oxalate content.

First, 0.02 U OxO (about 20 mg dry powder) was
added to each tube, followed by adding 0.11 cm? distilled
water, 0.8 cm® colour reagent and 0.04 cm® POD
(150 U cm™®). 0.05 cm® oxalate extracts were added at last
to initialize the reaction, and 0.05 cm? distilled water was
added as the control. After incubation at room
temperature for 90 min, the absorbance at 555 nm (Asss)
was read and content of oxalate was determined from
standard curve. The colour reagent consisted of 10 mg
4-aminoantipyrine, 0.025 cm® N, N-dimethylaniline per
100 cm® 125 mM succinate-NaOH buffer which
containing 75 % alcohol (v/v), pH 4.0.

To determine standard curve known amount of
oxalate was added to the reactive system to initialize the
reaction, the concentration of oxalic acid in these
samples reached 2, 4, 6, 8, 10 ug cm?, respectively.
When internal standard curve was made, known amount
of solution was added to homogenate during trituration,
the oxalic acid ultimate concentration in these oxalate
extracts reached 0, 40, 80, 120, 160 ug cm™, respectively,
then the oxalate content was determined according to the
above procedure and calculating the regression equation
of Asss vs. oxalate content.

For each treatment, data were statistically analyzed
using MS Excel for Windows, significant difference
analysis used Student’s t-test.

The method addressed here is based on oxidation of
oxalate catalysed by OxO to H,O, and CO,. Then the
H,O, is coupled with oxidation and conjugation of
4-aminoantipyrine  and  N,N-dimethylaniline  with
catalysis by POD to form chromogen which could be
measured colorimetrically by the difference in Asss
(Zhang et al. 1996). Asss was read every half hour and it
showed no distinct difference between 0.5 and 3 h when
2 ug cm™ oxalate was included in the reaction mixture
(Fig. 1). The absorbance levelled off after 1.5 h if there
was 10 pg cm™ oxalate in the reaction mixture. It took a
longer time to level off if oxalate concentration was
increased to 20 pg cm™, but samples could be properly
diluted to make the content lower than 10 ug cm™. So in
practice for measuring samples, 1.5 h reaction time is
enough to let the reaction complete.

To test the accuracy of this enzymatic analysis, it was
compared with the well-established HPLC method (Yu
et al. 2000) (Table 1) in terms of measuring oxalate
content in leaves of rice with different treatment. The
results of oxalic acid by enzymatic analysis (y) were in
good agreement with HPLC (x), the regression equation:
y = 1.1216x - 0.1248, r* = 0.945, and no significant
difference between these two analysis was observed
(in each treatment P > 0.05).

Firstly, 2, 4, 6, 8, 10 ug oxalate was directly added to
the reaction mixture, respectively, after incubation the
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reaction solution at room temperature for 90 min, Asss
was read and the regression equation of Asgs vs. oxalate
content was calculated (Fig. 2A). The results showed the
absorbance (y) was linearly correlated with oxalate
content (x), the regression equation being y = 0.0567x +
0.014, r*= 0.9982. In addition, the absorbance (y) was
also well linear with oxalate content (x) for the internal
curves (Fig. 2B), the regression equation being
y = 0.0577x - 0.0026, r* = 0.9998, its slope was very
close to that of the external curve, meaning the oxalate
recovery was nearly 100 %.

18
14} o am,
1zl -~ 21 gy o
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osl W
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) 4.5 1 1.3 2 25 3 3.5
REACTICN TIME [h]

Fig. 1 Dependence of absorbance on reaction time during the

enzymatic assay.

An absorbance change of 0.152 corresponded to 16 pM
oxalate concentration in this reaction system. A similar
commercially available kit was exploited by Sigma,
100 uM oxalate was needed to reach the same absorbance
(0.15). By enhancing the detecting sensitivity of the
spectrophotometer, Ladwig et al. (2005) was able to detect
as low as 1 uM oxalate. It suggested that the method we
described here had a better sensitivity.

The oxalate content was measured in rice, buckwheat,
soybean and oxalis leaves by this protocol 20 times, then
their standard deviation and coefficient of variation were
analyzed. Oxalate contents were: 3.22 + 0.179 (rice),
4.39 + 0.163 (buckwheat), 2.11 + 0.111 (soybean) and
34.56 + 1.179 mg g™'(f.m.) (Oxalis). The coefficients of
variation were all less than 6 %. It suggested that this
procedure had a good precision and reproducibility.

Known amount of oxalate was added to the tissue
samples during oxalate extraction and the oxalate
concentration in these samples was determined by this
method to obtain percentage of oxalate recovery (Table 2).
The mean recovery of the added oxalate was 99.8 %,
showing the enzymatic analysis is dependable.

To study the interference of ascorbic acid, 20, 40,
60 ng ascorbic acid was added to 0.13 g rice leaves
during oxalate extraction, the results showed that ascorbic
acid added had no significant effect on the determinations
of oxalate in the leaves of rice, although ascorbic acid
inhibit the colour reaction catalyzed by peroxidase if
directly included in reaction mixture. It suggested that
ascorbic acid may be degraded or inactivated during
sample processing.



DETERMINATION OF OXALATE IN PLANT TISSUE

Table 1. Determination of oxalate [mg g™ (f.m.)] in rice leaves by reversed phase high performance liquid chromatography and the

enzymatic analysis. Means + SE, n = 3.

HPLC method
Enzymatic analysis

1.71+0.115
1.9340.137

3.74+0.433
3.46+0.346

4.42+0.548
5.11+0.051

8.11+0.606
9.62+0.005

2.74+0.162
3.11+0.645

8.85+0.092
8.77+0.183

5.12+0.427
5.70+0.041
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Fig. 2. The external (A) and internal (B) standard curve of oxalate determined by the enzymatic method.

A wide variety of methods have been proposed for the
measurement of oxalic acid, each with its advantages and
disadvantages. A major problem was encountered in the
enzymatic assay is the interference (Buttery et al. 1983).
There have been many studies done in the past in order to
solve the interference problem (Crider and Curran 1984,
Berckmans and Boer 1988, Potezny et al. 1983).
Interference by urinary ascorbate in both enzymatic and
nonenzymatic methods during measuring oxalate is a
major impediment to the development of a simple assay
for urinary oxalate (Inamdar et al. 1991). In the coupled
method involving OxO and peroxidase, part of the H,0,
generated in the reaction mixture is consumed to oxidize
ascorbate to dehydroascorbate, so that not all of the H,0,
is available for the peroxidase reaction, leading to
underestimation of oxalate. Also, when alkaline condi-
tions are used for oxalate analysis, ascorbate can be
converted to oxalate nonenzymatically at pH > 4.0, the
higher the pH the more rapid the conversion, leading to
overestimation of oxalate (Mazzachi et al. 1984,
Crawford et al. 1985, Wilson and Liedtke 1991). The

Table 2. The recovery of oxalate from the samples. Means + SE,
n=3.

Oxalate added [ug cm™] Found [pg cm™] Recovery [%)]

40 38.45+0.539 96.1+1.35
80 80.78+1.335 101.0+1.67
120 120.75+3.716 100.6+3.10
160 162.26+7.747 101.4+4.84

sample of pH in our experiment was lower than 2 all the
time. Moreover, we heated the homogenate with boiling
water for 20 min and then stayed overnight during sample
processing. So 60 ug ascorbic acid added had no
significant effect on the determinations of oxalate,
suggesting that ascorbic acid may be degraded or
inactivated during sample processing.

Here we used OxO isolated from wheat bran. This
enzyme is advantageous over the other source of OxO
because of its ready availability, its greater resistance to
inhibition by high salt concentrations, and its stability.
The procedure could be completed within 2 d, but the
system allows for routine handling of many samples.
Analytical recovery of oxalate for the whole assay
procedure is 99.8 % (Table 2), it suggested that the
procedure described here markedly decreases the
influence of interfering substances, even ascorbic acid, in
the colour development. We have not encountered any
interference with the sample in our oxalic acid assay.
Moreover, the levels of oxalic acid in rice leaves of
different treatment were determined by enzymatic assay
were in good agreement with those determined by HPLC,
so the method we described here is dependable.

In conclusion, we describe reliable spectrophoto-
metric oxalate assay that is less time-consuming and
technically demanding than the assay used previously.
Extracting oxalate from plant tissues by 0.5 M HCI and
keeping the pH of the sample lower than 2 allows for
eliminating ascorbate interference, using OxO which was
readily and cheaply prepared from wheat bran makes it
inexpensive, and easy to perform in every laboratory for
various biomaterials, foods and other materials.
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Tablel Specific activities of germins G and yG from whesat after some steps of purification

Step

Total activity Total protein  Specific activity Purification Recovery

) (mg) (U/mg protein) (fold) (%)

G Root extract(crude) 1958.42 430.61 4.55 1 100
Thermal treatment 1540.67 234.53 6.57 14 78.7
Ammonium sulphate precipitation(30%-55%) 164.22 34.72 4.73 1.0 8.4
After Con A chromatography 345.06 2.62 131.71 29.0 17.6

yG  Embryo extract(crude) 739.6 52.46 14.10 1.0 100
Thermal treatment 398.65 12.68 31.44 22 53.9
After Con A chromatography 222.30 0.1515 1467.33 103.7 30.1
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Fig.1 Effect of pH on the OxO activities of G and yG
The enzyme activity was assayed at pH values from 3.0-5.0
using the following buffer solutions (0.05 mmol/L: pH 3.0, citric
acid-sodium citrate; pH 3.5-5.0, sodium succinate-NaOH).
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R2 AP GAyG LR
Table2 Effects of somechemicalson the OxO activities of G
andyG

Remaining activity(%)

Chemicals
G yG

H,O 100 100
NaCl 106.66 97.37
KCI 107.45 92.35
CaCl, 109.24 108.33
MgCl, 104.78 93.69
MnCl, 99.47 96.48
AICI, 1.97 0.73
CoCl, 52.89 62.50
KNO, 64.82 59.13
K,SO, 60.27 34.65
NH,NO, 59.56 54.06
ZnsO, 17.11 18.65
Cuso, 8.96 1.06
CuSO,+EDTA 46.76 42.60
FeSO, 161 0.21
FeSO,+EDTA 44.23 28.96
Na,CO, 65.19 85.03
NaHPO, 71.73 100.40
NaH,PO, 46.13 91.28
Riboflavin 75.22 54.38
FAD 104.70 56.58
FMN 95.09 76.85
EDTA 107.5 95.37

The concentration of all chemicals was 0.1 mmol/L.
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Purification and Some Char acterigicsof Germins G and yG from Wheat

LIU E-E, GUO Zhen-Fei"

(College of Life Sciences, South China Agricultural University, Guangzhou 510642, China)

Abstract: By affinity chromatography, germins
G and yG were purified from roots of wheat
seedling and wheat embryos imbibition for 4 h
(Tablel). Characterization of the germins G and
G were studied. Theresults showed that G and
yG were stable at temperatures lower than 60°C
(Fig.4), and had an optimum pH at 3.5 (Fig.1).
The K, vaue of G for oxaate was 0.084 mmol/
L, while that of wG was 0.053 mmol/L (Fig.3).
Oxalate showed subgtrate inhibition effect above
0.2 mmol/L onGand yG (Fig.2). EDTA, NH,",
Mn*, Mg?, Na"and K* at a concentration of
0.1 mmol/L had no effect on OxO activity.
CO,%, NO,and SO,* at aconcentration of 0.1
mmol/L inhibited partially the activities of G and
yG, 0.1mmol/L Cu*, Fe*, AI** completely in-

hibited the activities of G and yG, but addition
of 0.1 mmol/L EDTA partially relieved the
inhibition, which indicated that metal cations
may make the oxalate unavailable by chelating
it. H,PO, and HPO,? inhibited the activity of
G, but had no effect on yG. Riboflavin, FMN
and FAD inhibited wG, but FMN and FAD had

no effect on G (Table 2).

Key words: wheat; germin; oxalate oxidase; purification;

characterization

Thiswork was supported by Natural Science Foundation of Guangzhou
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Pseudogermin Activity During Maturation and Germination of Wheat

Seeds

LIU E-E, GUO Zhen-Fei

(Lab of Motecuiar Plant Physiology. College of Life Sciences, Sowth Ching Agricultarnal University, Guangzhon 510642, China)

Abstract: The OxO activities of yG during
matutation and germination of wheat seeds were
measured by SDS-PAGE followed by OxO ac-
tivity staining. The results showed that there was
1o expression of G and G ' | but only that of
W during wheat seeds maturation (Fig.2). 10
days after anthesis, the OxO activity of yG was
observed in glumes, palea, lemma, seed coat and
pericarp, then the OxQ activities in glumes,
lemima, seed coat and pericarp increased rapidly
and remaimed high until the seeds matured (Fig.
2). Basing on the observation that WwG was ex-
pressed mainly in the tissues abundant in lignin
when cell growth just stopped, it was suggested

that WG may function in promoting lignification
of cell wall of glumes, palea, lemma, seed coat
and pericarp by producing H,Q, by oxidation
oxalate. During wheat seeds germination, WG
was present in vascular transition region in ad-
dition to Gand G ' in Zhongyu 5 (Fig.3), but it
was not necessary for germination.

Key words: wheat seed; matoration: germination: oxalate
oxiduse; pscudopermin

This work was suppovied by Nabural Science Foundation of Guangzhou
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