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Thylakoid-Bound Ascorbate Peroxidase Mutant Exhibits

Impaired Electron Transport and Photosynthetic Activity
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In chloroplasts, stromal and thylakoid-bound ascorbate peroxidases (tAPX) play a major role in the removal of H,O,
produced during photosynthesis. Here, we report that hexaploid wheat (Triticum aestivum) expresses three homeologous
tAPX genes (TaAPX-6A, TaAPX-6B, and TaAPX-6D) mapping on group-6 chromosomes. The tAPX activity of a mutant line
lacking TaAPX-6B was 40% lower than that of the wild type. When grown at high-light intensity photosystem II electron
transfer, photosynthetic activity and biomass accumulation were significantly reduced in this mutant, suggesting that tAPX
activity is essential for photosynthesis. Despite the reduced tAPX activity, mutant plants did not exhibit oxidative damage
probably due to the reduced photochemical activity. This might be the result of a compensating mechanism to prevent
oxidative damage having as a consequence a decrease in growth of the tAPX mutant plants.

Plant cells are continuously exposed to reactive
oxygen species (ROS) generated as by-products of
fatty acid B-oxidation, photorespiration, and photo-
synthesis. Both biotic and abiotic stresses usually
lead to an enhanced ROS production, therefore
ROS-scavenging mechanisms acting in different or-
ganelles play a major role in plant survival and
productivity, particularly in extreme environments.
Under ROS-generating stress conditions, many an-
tioxidative enzymes such as catalase (CAT), mono-
dehydroascorbate reductase (MDHAR), dehydro-
ascorbate reductase (DHAR), glutathione S-trans-
ferase (GST), glutathione reductase (GR), superox-
ide dismutase (SOD), and ascorbate peroxidase
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(APX) counteract the otherwise uncontrolled oxida-
tion of cellular components (Noctor and Foyer, 1998).
Among the enzymes involved in ROS-removal, APX
(EC 1.11.1.11) plays a major role in H,0O,-scavenging
in plants (Asada, 1992). Three major groups of APX
isoenzymes (i.e. chloroplastic, cytosolic, and glyoxy-
somal APXs) have been identified based on their
subcellular location (Mittler and Zilinkas, 1992; Miy-
ake and Asada, 1992; Bunkelmann and Trelease,
1996). Cytosolic APXs (cAPX) are likely to be in-
volved in pathogen response, whereas glyoxysomal
APXs remove the H,O, generated by fatty acid
B-oxidation and photorespiration (Bunkelmann and
Trelease, 1996; Mittler et al., 1998). Chloroplastic APX
(chAPX) composed of thylakoid-bound (tAPX) and
stromal (sAPX) isoforms scavenge the H,O, gener-
ated during photosynthesis, which is a major H,O,-
producing metabolic process in green tissues (Na-
kano and Asada, 1981).

Detoxification of ROS is required to avoid damage
to the photosynthetic machinery. In chloroplasts,
large amounts of O™, are produced by the transfer of
electrons from the donor side of photosystem I (PSI)
to O, (Asada, 1994). Dismutation of O™, to H,0O,
occurs either spontaneously or by a SOD-catalyzed
reaction. Subsequent reduction of H,O, by chAPX
produces water and the monodehydroascorbate rad-
ical, which can be regenerated to ascorbic acid (AA)
by either reduced ferredoxin or NAD(P)H in a reac-
tion catalyzed by MDHAR (Sano and Asada, 1994;
Sano et al., 1995). This process, known as the water-
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water cycle, dissipates the excess of excitation energy
incoming to photosystems through the transfer of
electrons to molecular oxygen and, in addition, rein-
forces the trans-thylakoid pH gradient used for ATP
synthesis (Asada, 1999). SOD and APX located at the
stromal side of thylakoid membranes locally remove
the ROS produced at the donor side of the PSI. How-
ever, tAPXs constitute themselves a primary target
for inactivation by ROS under oxidative stress, such
as that produced by methylviologen (MV) and excess
of excitation energy (Mano et al., 2001).

Because tAPX mutant plants have not been gener-
ated and/or identified so far, the in vivo role of
chAPX has been analyzed in transgenic plants over-
expressing ROS-scavenging enzymes. Studies with
transgenic tobacco (Nicotiana tabacum) plants that
overexpress bacterial CAT in chloroplast demon-
strated that chAPXs are strongly inhibited under ox-
idative stress, which suggests that these enzymes
could be a limiting component of the plant antioxi-
dative defense (Shikanai et al., 1998; Miyagawa et al.,
2000). Therefore, the overexpression of chAPXs
might protect the plants from oxidative damage un-
der stress. Accordingly, cotton (Gossypium hirsutum)
plants that overexpress recombinant cAPX in chloro-
plasts showed an enhanced resistance to chilling-
associated oxidative stress (Payton at al., 2001). In
addition, it has been recently shown that transgenic
tobacco plants that overexpress tAPX are more resis-
tant to MV and chilling than the wild-type plants
(Yabuta et al., 2002). Overall, these results showed
that tAPXs are key components of the chloroplastic
antioxidant defenses in vivo.

In the present work, three tAPX genes from wheat
(Triticum  aestivum; TaAPX-6A, TaAPX-6B, and
TaAPX-6D) were identified. A TaAPX-6B-deleted
mutant line (5-SV8) exhibits reduced weight, size,
and seed production relative to the parental near
isogenic line (R-SV8). The comparison of APX activ-
ities and photosynthetic parameters between the
R-5V8 and the S-5V8 isolines led us to conclude that
a reduced tAPX activity leads to an impaired
photosynthesis.

RESULTS

The Hexaploid Wheat Genome Contains Three
Homeologous Genes Encoding tAPXs

In an attempt to identify genes accountable for the
phenotypic differences observed between R-5V8 and
S-5V8, we isolated a cDNA for which the coding gene
is absent in the mutant line. The translated sequence
of this cDNA (clone TaRr16) did not show significant
homology with any protein in nonredundant data-
bases (Danna et al., 2002). However, after the 5'-
RACE-mediated elongation of this sequence, we ob-
tained a near full-length cDNA that encodes a
protein highly identical to tAPX proteins from spin-
ach (Spinacia oleracea) and pumpkin (Cucurbita pepo).

tAPX Mutant Exhibits Reduced Photosynthetic Activity

Three ¢cDNAs from wheat were identified after an
extensive search based on 5'- and 3'-RACE proce-
dures. Although their coding regions are highly sim-
ilar (more than 95% identity), major differences were
observed at their 3'-untranslated regions (UTRs; Fig.
1A). A comparison of their deduced amino acid se-
quences revealed high homology to various tAPXs
from dicots (70%-80% identity). Proteins encoded by
these tAPX genes from wheat show the hallmarks of
prokaryotic class I peroxidases (Welinder, 1992).
Their carboxy termini showed the predicted putative
membrane-anchor domain characteristic of tAPXs
(Ishikawa et al., 1997; Mano et al., 1997). Although
predicted tAPX proteins from wheat are highly sim-
ilar to other tAPXs from dicots, they have an inser-
tion of 26 amino acid residues near the anchor do-
main (Fig. 1B).

Because one of the three tAPX genes (clone TaRr16)
mapped on the distal region of chromosome 6BL
(Danna et al., 2002), this gene was named TaAPX-6B.
To determine whether the tAPXs genes are located in
group-6 chromosomes, genomic DNA from Nuli-
Tetrasomic wheat lines (Chinese Spring NulibA-
Tetra6D and Nuli6D in which 6A or 6D chromosomes
are absent respectively) were analyzed by PCR. As
shown in Figure 2A, these genes were located in chro-
mosomes 6A and 6D, and consequently, they were
named TaAPX-6A and TaAPX-6D. These results indi-
cate that TuAPX-6A, TaAPX-6B, and TaAPX-6D are
homeologous genes, located at chromosome 6 of the
hexaploid wheat genome. High-stringency DNA hy-
bridization analysis revealed the presence of three
copies in the parental line and two in the S-SV8 mu-
tant line (Fig. 2B). Low-stringency hybridization re-
vealed the presence of six bands in the parental and
five in the mutant (data not shown), indicating that
TaAPX-6B is probably the only chAPX gene absent in
the mutant line. Because chAPX genes have not been
isolated from monocots so far, we used the coding
region of TaAPX-6B to assess the copy number and
homology in other monocot plants. A main single
band was detected in maize, rice, and barley (Fig. 2C).
Consistently, only one tAPX gene was identified in the
complete rice genome database, which confirms the
presence of a single tAPX gene in this species.

The Expression of tAPX Genes Overlaps in
Most Tissues

To analyze whether the chromosomal deletion af-
fects the expression of the tAPX genes in the mutant
line, TaAPX-6A and TaAPX-6D expression was fur-
ther explored in both isolines. Whereas the three
genes were expressed in the R-SV8 plants, TaAPX-6A
and TaAPX-6D expression was detected in the mu-
tant (Fig. 3A). To test whether or not the three genes
have a similar function, their expression was studied
in different organs of R-SV8 plants. The three genes
are expressed in aerial organs but not in roots. Al-
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Figure 1. Sequence alignments of 3’-UTRs of
tAPX cDNAs from wheat and proteins from dif-

A

Ta-APX-60 FRAECE
Ta-APX-60
Ta-APX-6A

ferent plant species. A, Alignment among 3'-
UTRs of tAPX cDNAs from wheat. Nucleotide

GTGC[TCT GACGAGTCTGT TTTTTTY
AGCGGTGGTECGACGAGTETGT) TTITTTT
6 AT|c[als T olalr ¢ T|AlafT]fl - - - - STTfelrTIT

ATCTITETGTAATT A AL
ATCTIAETGTAATTAAC
aCAmjeT6TAATTAAL

4

Ta-APX-68
Ta-APX-60

homology is boxed. Primers for each cDNA are _
Ta APX-6A

E

ATTTTCCAOOO AT
ATTTTCCAGOD A TO'I'BO CATOCEAAGATOA- - - - - - - - - - - - - -
ATTTTCCAOGOACTOOTCOACATOCAAGATGACCAGT

DOTCOBCAT OCRATATOA

indicated by bold type. The sense primer of

Ta-APX-68 [ e

TaAPX-6B is located over the coding region, Ta-APX-60

GTGCAAACA 03

) Ta-APX-6A
hence, not shown (see “Materials and Meth-

GEAT 6T GAAACA O5
GGTCATCTTAL/GITGTETTAAGTTTITCATEATTCAAAGT AAAGT 6alGG|cal 141

Ta-APX-68

ods”). Polyadenylation signals are underlined. Ta-APX-60

12

Ta-APX-6A

B, Alignment among TaAPX-6B and other
thylakoid-bound APX proteins from dicot spe-
cies. Conserved amino acids are shown by a

F TR, i ] P rr—— ARTGCTTTTGGGC
A TR i AATGCTTTTGEGC
ccTaTTRAATIGCfT66ARACCATOOORT O T[chr ofacT

182

shadow box. Asterisks indicate essential amino
acid residues for protein activity. Putative thyla-
koid membrane anchor domains are underlined.
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though their expression patterns essentially overlap
in most tissues, there are some subtle differences in
expression. Whereas TaAPX-6D and TaAPX-6B ex-
pression was detected in green tissues and reproduc-
tive organs, TaAPX-6A expression was only detected
in green tissues excluding sheaths (Fig. 3B). These
results indicate that tAPX genes are controlled by
similar but not identical regulatory elements.

TaAPX-6B Encodes a Protein with APX Activity

The cDNA region encoding the putative mature pro-
tein of TaAPX-6B was subcloned into plasmids for
protein expression. Two versions of the recombi-
nant protein were overexpressed in Escherichia coli: a
long version containing the so-called membrane an-
chor domain (rAPX-1) and a short version in which
this region was deleted (rAPX-2). Both rAPX-1 and
rAPX-2 showed their predicted molecular weights in
SDS-PAGE gels. The anchor-containing protein
yielded an insoluble form, whereas the anchor-deleted
form produced a soluble protein (data not shown).
The insoluble form (rAPX-1) did not show any APX
activity, but the soluble protein (rAPX-2) exhibited
APX activity at 26.4 umol AA min~' mg~' of recom-

2118

binant protein in the supernatant (data not shown).
The specific activity of the recombinant TaAPX-6B
was similar to the activity reported for a recombinant
cAPX from soybean (Glycine max) overexpressed in E.
coli (Dalton et al., 1996). This result confirms that
TaAPX-6B encodes an active APX protein.

The Photon Flux Density (PFD) Applied during
Growth of Plants Modulates TaAPX-6B Expression

To determine whether the expression of tAPX genes
is regulated by the PFD, gene expression in leaf blades
of R-SV8 plants grown in the dark, in low-light con-
dition (LL), or in high-light condition (HL) was ana-
lyzed. In darkness, TaAPX-6B expression was nearly
undetectable (Fig. 4A). A 2-fold increase in the
TaAPX-6B mRNA steady-state level was observed in
plants grown at LL (50-100 umol photons m ™2 5712.
Plants grown at HL (700-1,000 umol photons m 2s )
showed 4-fold higher TaAPX-6B expression than etio-
lated plants (Fig. 4A). The expression of TaAPX-6A
and TaAPX-6D, roughly undetectable in the dark, in-
creased 2-fold in LL-grown plants, but no further in-
duction was detected in HL-grown plants (data not
shown). This expression analysis indicates that tAPX
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Figure 2. Chromosomal location of tAPX genes. A, PCR amplification
of tAPX genes from wheat genomic DNA obtained from R-SV8 (normal
hexaploid genome), Nuli6A (a NuliA-TetraD genome), and Nuli6D (a
NuliD-TetraA genome) plants. C, Negative PCR control. B, TaAPX-68
DNA gel-blot hybridization on genomic DNA from R-SV8 and S-SV8
plants digested with EcoRIl or Hindlll. C, TaAPX-6B DNA gel-blot
hybridization on 10 ug of genomic DNA from rice (Oryza sativa),
maize (Zea mays), and barley (Hordeum vulgare), digested with Hin-
dlll. Results are representative of two independent experiments.

tAPX Mutant Exhibits Reduced Photosynthetic Activity

TaAPX-6A
TaAPX-6B

TaAPX-6D

TaAPX-6A
TaAPX-6B
TaAPX-6D
Actin

Figure 3. Expression of tAPX genes. A, Reverse transcriptase (RT)-
PCR amplification of tAPX genes (TaAPX-6A, TaAPX-6B, and TaAPX-
6D) from leaves of R-SV8 and S-SV8 plants. C, Negative PCR control.
B, RT-PCR amplification of tAPX genes from different organs of R-SV8
plants. C, Negative PCR control; A, anthers; G, gynoecium; Ra, floral
rachis; P, glumes and paleas; S, foliar sheaths; B, leaf blades; and Ro,
roots. Results are representative of two independent experiments.

genes are light-inducible but only TaAPX-6B is mod-
ulated by the PFD used for plant growth.

The short-term effect of either excess excitation
energy (EL) or MV-mediated oxidative stresses on
tAPX gene expression was also investigated. R-SV8
plants grown at 200 to 400 umol photons m * s *
were sprayed with 20 uM MV and were exposed to EL
(1,800 pmol photons m™> s~ '). No differences in
TaAPX-6B expression were detected either after EL or
MV combined with EL treatments, indicating that
TaAPX-6B is not regulated by a sudden oxidative
stress in a 4-h temporal window (Fig. 4B). Likewise,
neither MV nor EL modifies the mRNA steady-state
levels of TaAPX-6A and TaAPX-6D (data not shown).
As previously reported for tAPX genes from spinach
(Yoshimura et al., 2000), the mRNA level of tAPX
genes from wheat is not regulated by oxidative stress.

APX Activity of Mutant Plants Is Reduced at High and
Excess PFD

Because TaAPX-6B is deleted in S-SV8 plants, stud-
ies were carried out to test whether these plants have
a disturbed APX activity. No significant differences
in foliar APX activity were detected between R-SV8
and S-SV8 plants grown in the dark or at LL condi-
tions. However, S-5V8 plants grown at HL, showed a
15% lower APX activity than that of the R-SV8 plants
(Fig. 5A). Although these measurements cannot dis-
tinguish among different isoenzymes contributing to
the foliar APX activity, the reduced activity of the
mutant is likely to be due to the lack of TaAPX-6B.
Because TaAPX-6B is likely to encode a tAPX en-
zyme, APX activity in thylakoid membranes was
measured. As shown in Figure 5B, HL-grown S-SV8
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Actin
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Figure 4. Semiquantitative RT-PCR analysis of TaAPX-6B mRNA
accumulation in R-SV8 plants. A, Analysis of steady-state mRNA
accumulation was carried out with plants grown in the dark (D), at 50
to 100 wmol photons m~2 s ' (LL), or at 700 to 1,000 wmol photons
m~? s~" (HL). B, Analysis of the short-term mRNA accumulation in
plants suddenly exposed to 1,800 umol photons m~2 s~" (EL) com-
bined with the application of MV for 4 h. In this case, plants were
previously grown at 200 to 400 pmol photons m~2 s™'. From left to
right, a base-two serial dilution of 100 and 10 ng of total cDNA was
used as template for the amplification of TaAPX-6B and Actin, re-
spectively. Asterisks indicate the last dilution at which TaAPX-6B was
detected. Actin was detected up to the fifth cDNA dilution in every
sample. Results are representative of two independent experiments.

plants showed a 40% lower activity in the thylakoids
than HL-grown R-SV8 plants. This result is consistent
with the proposed subcellular location of TaAPX-6B
in thylakoid membranes and indicates that
TaAPX-6A and TaAPX-6D did not fully compensate
the lost of tAPX activity in the mutant line.

To determine whether the response to oxidative
stress is compromised by the tAPX deficiency of the
5-5V8 line, plants grown at 200 to 400 wmol photons
m ™2 s~ ! were subjected to EL (1,800 umol photons
m 2 s') and MV. Foliar APX activity increased in
R-SV8 while it decreased in S-SV8 plants 4 h after
exposure to EL (Fig. 5C). Addition of MV under EL
conditions resulted in a sharp reduction of APX activ-
ity in R-SV8 plants 4 h after treatment, whereas a
drastic reduction in APX activity was observed in the
mutant as soon as 1 h after this treatment. It is note-
worthy that the magnitude of the APX inhibition in
5-SV8 plants 4 h after EL was similar to that observed
1 h after MV. These results suggest that an elevated
tAPX activity may be required to avoid foliar APX
inhibition under a sudden oxidative stress.

The Ascorbate-Glutathione Cycle Is Not Altered in
tAPX Mutant Plants

Transgenic plants overexpressing antioxidative
enzymes usually show altered activities of ROS-

scavenging endogenous enzymes (Sen Gupta et al.,
1993a, 1993b). To determine whether the tAPX defi-
ciency of S-SV8 plants causes any alteration in the
activity of other antioxidative enzymes involved in the
ascorbate-glutathione cycle, DHAR, MDHAR, and GR
activities were assayed. No differences were detected
between R-S5V8 and S-SV8 plants growing at HL (non-
stressing PFD), indicating that tAPX deficiency has no
effect on the activity of these enzymes (Table I). Al-
though HL-grown mutant plants had roughly 40%
lower tAPX activity than R-SV8 plants, the level of AA
was similar in both the isolines (Table I).

tAPX Mutant Plants Show Impaired Electron
Transport and Photosynthetic Activity and Reduced
Growth under Normal PFD

Because tAPXs remove H,O, generated by dismu-
tation of O™, produced at the donor side of PSI, the
possible role of TaAPX-6B in the protection of the
photosynthetic apparatus was investigated by com-
paring CO, assimilation and chlorophyll fluorescence
parameters in both isolines. HL-grown S-SV8 plants
displayed a significantly lower photosynthetic activity
than that of R-SV8 plants. The quantum yield of PSII
(¢psm) and photochemical quenching (qP) were also
reduced in the mutant, but there were no significant
differences in non-photochemical quenching between
both isolines (Table II). The reduced ¢pg; in the mu-
tant plants was only observed at high PFD (800 wmol
photons m ™2 s~ ), suggesting that the mutant is more
susceptible to photodamage than the parental line
(Table III). To study the effect of the reduced PSII
electron transfer and photosynthetic activity on
growth and biomass accumulation in S-SV8 plants,
leaf area and dry weight of R-SV8 and S-SV8 plants
were measured. R-SV8 and S-S5V8 plants grown at a
PFD of 200 pmol photons m™? s~' showed non-
significant differences in dry matter and foliar area.
However, at moderate (400 umol photons m 2 s~ 1)
and high (800 pmol photons m ™~ ?s™ ') PFD, the mutant
plants developed a smaller leaf area and accumulated
less dry matter than the parental plants (Fig. 6, A and
B). To determine whether the reduced accumulation of
biomass in the mutant could be due to photodamage,
measurements of protein carbonylation, which indi-
cates oxidative damage, were carried out. No signifi-
cant differences were detected between the parental
and the mutant (data not shown), indicating that mu-
tant plants do not experience a chronic oxidative dam-
age at LL or HL conditions. To determine whether the
tAPX deficiency of S-SV8 plants leads to an enhanced
susceptibility to photodamage under stress condi-
tions, the response to a sudden increase in PFD was
investigated. HL-grown mutant and parental plants
were suddenly exposed for 4 h to EL. A decrease in
F,/F,, indicating PSII photoinhibition was detected in
both the isolines, but this decrease was significantly
higher in the mutant than in the parental plants (Table
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Figure 5. APX activity in R-SV8 and S-SV8 plants. A, Foliar APX
activity in R-SV8 (white bars) and S-SV8 (black bars) 2-week-old plants
grown in the dark (D), at 50 to 100 wmol photons m~2 s~ (LL), and at
700 to 1,000 pwmol photons m~2 s~ (HL). Bars are mean values * st
of three independent experiments, each one consisting of 10 repli-
cates. B, Thylakoid-bound APX activity in HL-grown R-SV8 (white
bars) and S-SV8 plants (black bars). Bars are mean values * st of two
experiments, each one consisting of three replicates. C, Foliar APX
activity in R-SV8 (left panels) and S-SV8 plants (right panel) suddenly
exposed to 1,800 uwmol photons m~? s~ (white bars) and MV (black
bars). Plants were previously grown at 200 to 400 umol photons m~2
s~'. Bars are mean values = st of two independent experiments, each
one consisting of 10 replicates. Horizontal lines indicate APX activity
at time 0. Asterisks indicate significant differences (t test, P < 0.05)
between EL and MV treatments for a given genotype.

tAPX Mutant Exhibits Reduced Photosynthetic Activity

IV). In summary, these results suggest that a reduced
tAPX activity leads to an increased susceptibility to an
abrupt oxidative stress.

DISCUSSION

Early studies postulated that thylakoid-bound APX
enzymes play a key role in the scavenging of H,O, in
chloroplasts, helping plants to dissipate excess exci-
tation energy through electron transfer from PSI to
O, (Asada and Takahashi, 1987). The rate of electron
flow from PSI to O, increases dramatically in plants
exposed to various stresses, generating large quanti-
ties of ROS, which in turn lead to oxidative stress
(Foyer et al., 1994). The relevance of tAPX activity in
H,O, removal under non-stressing and stressing con-
ditions has been previously analyzed in transgenic
plants (Shikanai et al., 1998; Miyagawa et al., 2000;
Payton et al., 2001). Here, we report the identification
of a tAPX mutant line of wheat that displays reduced
tAPX activity and impaired photosynthesis.

tAPX Redundancy Allows Wheat Mutant
Plants to Survive

Several tAPX cDNAs have been already isolated,
and their encoded proteins have been characterized.
Most of these studies have been carried out using
pumpkin and spinach as models, which contain a
single chAPX gene encoding both the tAPX and the
sAPX by means of mRNA alternative splicing (Ish-
ikawa et al., 1997; Mano et al., 1997). chAPX mutants
have not been isolated in a nonredundant back-
ground genome so far, which suggests a conditional
lethal nature for such a mutation. In fact, as reported
recently, transgenic tobacco plants expressing tAPX
transgene in the antisense orientation were not
obtained most probably due to the lethal nature of
the tAPX suppression (Yabuta et al., 2002). In Ara-
bidopsis, tAPX and sAPX are encoded by two dif-
ferent loci (Atlg77490 and At4g08390), and accord-
ingly, T-DNA interrupted lines for each one of
these genes were obtained (http://signal.salk.edu/
cgi-bin/tdnaexpress). The hexaploid genome of
wheat may facilitate the survival of a tAPX mutant
and thereby allows determining the in vivo role of
tAPX enzymes. DNA gel-blot hybridization analysis
indicates that monocots like rice, maize, and barley
contain a single tAPX gene (Fig. 2C). Unlike those
species, three tAPX genes were detected in bread
wheat mapping on the group-6 chromosomes. Be-
cause no additional copies of tAPX map on the de-
leted region of the mutant (Fig. 2B), its reduced tAPX
activity could be attributed to the lack of TaAPX-68
(Fig. 5B). Moreover, in vitro activity assays of the
recombinant protein confirmed that TaAPX-6B en-
codes a functional APX enzyme, providing addi-
tional evidence for the latter hypothesis. Because
only TaAPX-6B expression is regulated by the PFD at
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Table 1. Foliar AA content and ascorbate-glutathione cycle enzyme activities and AA in leaves of plants grown at 700 to 1,000 umol

photons m™2 57!

Mean values of three measurements (plants) from four independent experiments. st is shown in parentheses.

Plant AA Content

pmol g dry wt™’

R-SV8 16.9 (1.7)
S-Sv8 19.8 (0.8)

193.4 (9.7)
191.3 (8.1)

DHAR MDHAR GR
nmol mg protein~" min~'
91.5(9.4) 77.0 (6)
83.2 (2.7) 77.4 (6)

non-stressing conditions (Fig. 4A), it seems possible
that the lack of either TaAPX-6A or TaAPX-6D could
have a minor effect on the phenotype of wheat
plants. In this regard, it should be emphasized that
no compensatory tAPX activity seems to be provided
by TaAPX-6A and TaAPX-6D in the mutant (Fig. 5B).
Although reproductive organs and sheaths do not
express TaAPX-6A, the three tAPX genes are ex-
pressed in most aerial tissues (Fig. 3B). This over-
lapped pattern of gene expression could lead to func-
tional redundancy, and such a redundancy could
explain the remainder tAPX activity in S-SV8 plants
(Fig. 5B) and probably the viability of the mutant.
Because S-SV8 plants bear a deletion in chromo-
some 6BL, we cannot rule out that the lack of other
genes (not known so far) could be accountable for
some of the physiological differences detected be-
tween these two near-isogenic lines. However, de-
spite the deletion, previous analysis indicated that
R-SV8 and S-SV8 lines are nearly identical at a ge-
netic level. No RAPDs were detected among 2,400
genomic loci analyzed (F. Sacco, unpublished data)
and only TaAPX-6B out of 6,000 genes analyzed was
differentially expressed between these two isolines
(Danna et al., 2002). Moreover, no disturbances in the
ascorbate-glutathione cycle were detected in the mu-
tant, suggesting that no general disorder of the anti-
oxidant metabolism is contributing to the phenotype
analyzed here. Further experiments on the molecular
characterization of the distal region of chromosome
6BL will help to assess whether the phenotype of the
mutant is attributable solely to the lack of TaAPX-6B.

tAPX Deficiency Leads to Oxidative
Stress Susceptibility

Previous reports have demonstrated that chAPXs
are highly sensitive to MV-induced oxidative stress
(Shikanai et al., 1998; Mano et al., 2001). We observed

that exposure to EL leads to reduced foliar APX
activity in 5S-5V8 but not in R-5V8, indicating that the
mutant is more susceptible than the parental to the
oxidative stress produced by light. Although MV
treatment had a similar effect on both the isolines, the
inhibition of APX in the mutant was more dramatic
and rapid. The inhibition of S-SV8 foliar APX activity
at EL could be due to the reduced tAPX activity of the
mutant at HL. Then, these plants would be suscepti-
ble to oxidative stress at the time they are subjected
to EL. In this scenario, the rather limited tAPX activ-
ity in the mutant could be easily overwhelmed by the
increased H,O, production at high PFD, as previ-
ously suggested by Mano et al. (2001). Besides, upon
transfer to EL, mutant plants showed a pronounced
decrease of F,/F,, indicating photodamage to PSII,
which might be the consequence of the increased
H,O, production at the donor side of PSI (Maxwell
and Johnson, 2000; Tjus et al., 2001). A recent work
reported that transgenic plants that overexpress
tAPX in chloroplasts had improved resistance to ox-
idative stress (Yabuta et al., 2002). Accordingly, our
observations indicate that an impaired tAPX activity
leads to photodamage at the time that plants are
exposed to a sudden oxidative stress. On the con-
trary, HL-grown mutant plants, which have an im-
paired tAPX activity at HL steady-state condition, do
not display a chronic oxidative damage (see below).

Impairing the PSII Electron Transfer Would Impede
Massive Oxidative Damage

The decreased photosynthetic activity of mutant
plants is associated with both a low ¢pg; and a low
qP. Because gP estimates the redox state of the pri-
mary acceptor of PSII, Q4, we hypothesize that the
impaired electron transfer of S-S5V8 plants may be
due to inefficient re-oxidation of Q,. It has been
reported that the amount of psaA protein (a PSI sub-

Table Il. Photosynthetic parameters

Photosynthetic activity (CO,-assimilation), quantum yield of PSIl (¢ ), photochemical quenching (gP), and non-photochemical (gNP)

quenching of chlorophyll a fluorescence in leaves of 2-week-old plants grown at 700 to 1,000 wmol photons m

2571, Mean values of 10

measurements (plants) from two independent experiments. St is shown in parentheses.

Plant Photosynthesis® qP gNP
wmol CO, m2 s~
R-SV8 36.4 (0.7) 0.41 (0.03) 0.56 (0.03) 0.30 (0.05)
S-SV8 32.0° (1.3) 0.32°(0.02) 0.44" (0.04) 0.36 (0.04)
2 Actinic light, 750 pmol photons m~2 s~'. P Significant difference (t test, P < 0.05).
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Table Ill. Dependency of ¢, on irradiance

Quantum vyield measurements were performed in leaves of
2-week-old plants grown at 200, 400, or 800 umol photons m~2 s~ .
Mean values of eight measurements (plants) from two independent

experiments. St is shown in parentheses.

umol Photons m~2 5!

Plant

200 400 800
R-SV8 0.65 (0.01) 0.66 (0.02) 0.53 (0.04)
S-SV8 0.64 (0.03) 0.62 (0.02) 0.47%(0.04)

2 Significant differences (t test, P < 0.05).

unit) decreases faster than the amount of Rubisco,
phosphoenolpyruvate carboxylase, and the PSII
polypeptide D1 in maize plants after MV treatment
(Kingston-Smith and Foyer, 2000), indicating that PSI
may be quite sensitive to ROS produced at its donor
side. Therefore, inactivation of PSI by ROS may re-
duce the rate of Q, oxidation in tAPX mutant plants,
thereby lowering gP and the overall photosynthetic
activity of the leaves. The impaired PSII electron
transfer of S-SV8 plants depends on the PFD, sug-
gesting that the photosynthetic apparatus is upset
only if the rate of H,O, formation at the donor side of
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Figure 6. PFD-dependent growth of parental and mutant plants. A,
Leaf area of R-SV8 (white bars) and S-SV8 plants (black bars) grown
at 200, 400, or 800 uwmol photons m~2 s~'. B, Dry weight of second
leaf stage R-SV8 and S-SV8 plants grown at 200, 400, or 800 pwmol
photons m~? s~ Bars are mean values = sE, corresponding to three
independent experiments, each one consisting of four replicates
(plants). Asterisks indicate significant differences between genotypes
(t test, P < 0.05).

tAPX Mutant Exhibits Reduced Photosynthetic Activity

PSI exceeds the reduced tAPX activity of the mutant.
In addition, a reduced biomass accumulation is ob-
served at either moderate or high PFD, suggesting
that the electron transfer and photosynthetic activity
are affected by the reduced capacity of the mutant to
cope with ROS. The impaired photosynthesis and the
reduced accumulation of dry weight might explain
the reduced size of mutant plants. It has been dem-
onstrated that the overexpression of SOD in the chlo-
roplasts of maize confers to transgenic plants a big-
ger size than wild-type plants, suggesting that an
improved removal of ROS ameliorates plant growth
and, conversely, that an impaired ROS detoxification
limits biomass accumulation (Van Breusegem et al.,
1999). Therefore, it seems reasonable to postulate that
the reduced size of the mutant could be due to oxi-
dative stress. However, the reduced PSII activity of
the mutant may have a protective effect, because this
would reduce the rate of electron transfer through
PSI and thereby the rate of electron donation to mo-
lecular oxygen. A recent work reported that double
antisense transgenic tobacco plants lacking cAPX and
CAT are less susceptible to oxidative stress than the
wild-type plants and that this improved resistance
correlates with a reduced photosynthetic activity
(Rizhsky et al., 2002). Likewise, although massive
oxidative damage might be expected in tAPX mutant
plants, no differences were detected in the level of
protein carbonylation between R-SV8 and S-SV8
plants grown at LL and HL conditions, suggesting
that the mutant is not suffering a massive oxidative
damage. However, the reduced size of the tAPX mu-
tant plants may be the cost for escaping oxidative
damage by means of reducing photosynthetic elec-
tron transport.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The wheat (Triticum aestivum L. cv Sinvalocho MA) isolines R-SV8 and
S-SV8 used in this study have been previously characterized at a genetic
level. The mutant S-SV8 line originated spontaneously from the inbred
R-SV8 line was propagated by self-fertilization (Sacco et al., 1995). Cytoge-
netic analysis showed a small deletion on the distal region of chromosome
6BL in the S-SV8 line (Sacco et al., 1998). Seeds were germinated on moist-
ened filter paper in the dark. After germination, plants were grown in a
greenhouse under a 14-h photoperiod at 18°C to 24°C. Etiolated plants were
obtained by continuous exposure to dark. PFD was manipulated to produce
LL- and HL-acclimatized plants. LL plants were cultured at 50 to 100 wmol

Table IV. Photoinhibition of PSIl measured as F /F,,,

Measurements of F/F,, in 2-week-old plants grown at 700 to
1,000 umol photons m~2 s~' (HL) were suddenly transferred to
1,800 umol photons m™2 s~' (EL) for 4 h. Mean values of 10
measurements (plants) from two independent experiments. SE is

shown in parentheses.

Plant HL EL
R-SV8 0.819 (0.004) 0.652 (0.018)
S-Sv8 0.816 (0.004) 0.5407 (0.030)

2 Significant differences (t test, P < 0.05).
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photons m ™2 s~ !, whereas HL plants were grown at 700 to 1,000 pmol

photons m ™2 s~ . EL plants were obtained by 1, 2, or 4 h of direct exposure
to sunlight (1,800 pmol photons m ™2 s~ !). Two-week-old plants were har-

vested, and fresh and dry weights were recorded.

Treatment with MV

Two-week-old plants (second leaf stage) grown at 200 to 400 wmol
photons m~2 s~! were transferred to EL and were immediately sprayed
with a solution containing 20 um MV and 0.01% (v/v) Tween 20. Control
plants were sprayed with 0.01% (v/v) Tween 20. Leaf blade samples were
obtained to determine foliar APX activity and TaAPX-6B mRNA

accumulation.

RNA and DNA Isolation and Cloning of tAPX Genes

Genomic DNA was isolated as previously described (Danna et al., 2002).
Total RNA was extracted from plant samples by using the Trizol-Reagent
(Invitrogen, Carlsbad, CA). Poly(A) RNA was purified from total RNA by
using the PolyA-Track Purification System (Promega, Madison, WI) follow-
ing the manufacturer’s indications. The TaRr16 cDNA previously identified
(Danna et al., 2002) was elongated by 5'-RACE System (Invitrogen). First-
strand cDNA synthesis was carried out at 65°C using ThermoScript reverse
transcriptase (Invitrogen) on 50 ng of R-SV8 poly(A) RNA isolated from
leaves. Sequence analysis revealed that the TaRr16 cDNA corresponds to the
3'-UTR of TaAPX-6B (AF532972). Because 3'-UTRs are usually less con-
served than the coding regions, we used a specific primer matching the 5’
end of TaAPX-6B ¢cDNA for 3'-RACE procedure to obtain a population of
highly homologous cDNAs, thus yielding TaAPX-6A (AF532973) and
TaAPX-6D (AF532974).

Gene Expression Studies in R-SV8 Plants

cDNAs were synthesized from total RNA extracted from different organs
of R-SV8 plants. Genomic DNA contamination was tested by PCR amplifi-
cation with specific primers for Actin as described below. Reverse transcrip-
tion was carried out on 2 ug of RNA with oligo(dT,g) oligonucleotide as a
3’ primer. PCR reactions were stopped at a fixed number of cycles during
the exponential phase of amplification. Wheat Actin amplification was
carried out using 5'-atgtggatatcaggaagga-3’ and 5'-ctcatacggtcagcaatac-3’ as
sense and antisense primers, respectively.

To determine the organ-specific expression of tAPX genes, we performed
RT-PCR studies. For detection of TaAPX-6B, we used the primers 5'-
geattcttgacgtctctggte-3' and 5'-catcttgeatgecgaccaat-3' as sense and anti-
sense specific primers, respectively. Detection of TaAPX-6A was carried out
with 5'-gatcagtgatctaatgttct-3" and 5'-aatgatgaaaacttaagaca-3', whereas that
of TaAPX-6D was performed with 5'-gtggtccgacgagtetgtct-3' and 5'-
tgctcatcttgeatgtegat-3' as sense and antisense primers, respectively. The
annealing temperatures for the specific detection of TaAPX-6A, TaAPX-6B,
and TaAPX-6D were 50°C, 65°C, and 69°C, respectively. PCR products were
subjected to electrophoresis in a 3% (w/v) agarose ethidium bromide-
stained gel and were photographed under UV light. Amplification specific-
ity was confirmed by cloning and sequencing the PCR products.

DNA Gel-Blot Analysis and Chromosomal Location of
tAPX Genes

Chromosome location was carried out using the aforementioned specific
primers for the detection of each tAPX gene. Genomic DNA was isolated
from Chinese Spring NulibA-Tetra6D and Nuli6D-Tetra6A wheat lines as
described above. PCR specificity was confirmed by cloning and sequencing
the PCR products. For DNA gel-blot hybridizations, genomic DNA (30 ug)
was digested with different restriction enzymes, subjected to electrophoresis
in 1X Tris-acetate EDTA 0.8% (w/v) agarose gels, and then transferred onto
nylon membranes (Nylon-1, Invitrogen). Probes were labeled with
[a-*2P]dCTP. DNA blots were prehybridized, hybridized, and washed fol-
lowing the procedures formerly described (Santa-Maria et al., 1997). Filters
were exposed to X-Omat AR films (Eastman Kodak, Rochester, NY) for 1 to
2 d at —70°C.

Expression of Recombinant TaAPX-6B

Two recombinant TaAPX-6B proteins were produced. The large recom-
binant TaAPX-6B contained the mature coding region of TaAPX-6B and was
obtained by digesting TaAPX-6B with EcoRI and by subcloning the digestion
product into pTrc-His-C (BD Biosciences Clontech, Palo Alto, CA) protein
expression vector. The short version, lacking the putative membrane-anchor
region, was obtained by PCR using the larger version as template and the
5'-ggaattccatatgaggatccgatgeatggeggegt-3'  (BamHI  and  atg-containing
primer) and 5'-tcattagaattctcattattcttgtaggagtatttgge-3' (EcoRI-containing)
as upper and lower primers, respectively. This PCR product was digested
with BamHI and EcoRI and was subcloned into pTrc-His-C vector digested
with the same enzymes. Escherichia coli XL-1-Blue cultures were induced for
the expression of recombinant proteins. Induction of protein expression was
carried out for 4 h in 25 mL of Luria-Bertani medium supplemented with
200 pg mL~! ampiciline and 1 mwm isopropylthio-B-galactoside at 37°C and
300 rpm. Culture replicates were grown and isopropylthio-B-galactoside-
induced in the presence of 50 mm hemine (Sigma-Aldrich, St. Louis). Bac-
terial pellets were resuspended in 50 mm PO,K buffer (pH 7) and lysed by
sonication at 4°C. E. coli lysates were centrifuged at 20,000 at 4°C for 30
min. Total protein (30 ug) from the lysate was separated by electrophoresis
in 12% (w/v) SDS-PAGE gels and was stained with Coomassie Blue.

APX, MDHAR, DHAR, and GR Activities

Fresh leaves (100-200 mg fresh weight) were frozen in liquid N,, ground,
and mixed with 2 mL of a 50 mm MES/KOH buffer (pH 7.0) containing 40
mwm KCl, 2 mm CaCl,, 1% (w/v) poly-vinyl-pyrrolidone, and 1 mm AA.
After thawing, 0.1% (v/v) Triton X-100 was added to the mixture, and tubes
were gently mixed for 15 min at 4°C. Homogenates were then centrifuged at
4,500¢ for 2 min, and the supernatants were used to measure foliar APX
activity. For thylakoid isolation, leaf homogenates were centrifuged at
3,000¢ for 10 min, the pellet was washed and centrifuged again at 3,000 for
10 min, and APX activity was measured in the pellet without addition of
Triton X-100 (Guiamét et al., 2002). Recombinant APX activity was mea-
sured in 1 mL of buffer containing 20, 40, and 80 ug of total proteins from
bacterial lysates (quantified spectrophotometrically by Bradford assay) as
described below. Mass of rAPX-2 for specific in vitro activity was estimated
by comparison with quantified bovine serum albumin in Coomassie-stained
gels. APX was measured spectrophotometrically by a modification of the
method of Nakano and Asada (1987). The reaction mixture (950 uL) con-
tained 50 mm KH,PO,/K,HPO, buffer (pH 7.0), 500 um AA, and 0.1 mm
H,0,. Foliar homogenates (50 uL) were added to the reaction mixture and
were gently mixed. Oxidation of AA was followed by a decrease in Ay, in
a spectrophotometer (DU-650, Beckman Coulter, Fullerton, CA) at 30°C. The
reaction rates measured were linear for at least 3 min and were corrected for
AA auto-oxidation in the presence of 0.1 mm H,0,. APX activity was
calculated using an extinction coefficient of 2.8 mm 'em™' for AA. For
measurements of MDHAR (EC 1.6.5.4), DHAR (EC 1.8.5.1), and GR (EC
1.6.4.2) activities, leaves were ground in a medium containing 0.1 M Bicine
(pH 7.5), 1 mm EDTA, 10% (w/v) glycerol, 4 mm Cys, and protease inhib-
itors (25 mM phenylmethylsulfonyl fluoride and 2 mm leupeptin). Homog-
enates were filtered through a 20-um mesh and were centrifuged at 10,000
for 10 min. The supernatants were used for the determinations of enzyme
activities. MDHAR and DHAR were measured essentially as by De Gara et
al. (2000), and GR was measured as described previously (Bartoli et al.,
1999). AA content was determined by HPLC as described by Iwase (1992).

Photosynthetic Parameters

Photosynthesis was measured with an infrared gas analyzer (LI-6250,
LI-COR, Lincoln, NE) fitted in a 1-L assimilation chamber, at 750 wmol
photons m™2 57!, 25°C, and 340 to 360 ppm of CO,. Chlorophyll a fluores-
cence was measured with an FMS2 Fluorescence Monitoring System (Han-
satech, King’s Lynn, UK), and fluorescence parameters were calculated as
by Maxwell and Johnson (2000). Fluorescence parameters in the light-
adapted state (i.e. F,,, F,, and F,) were measured in leaves exposed to the
PEDs applied during growth, and then leaves were dark-adapted for 30 min
before measuring F,, and F,,
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