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Abstract

Age-dependent changes in reactive oxygen species (ROS) levels are critical in leaf senescence. While H,O,-reducing enzymes
such as catalases and cytosolic ASCORBATE PEROXIDASE1 (APX1) tightly control the oxidative load during senescence, their
regulation and function are not specific to senescence. Previously, we identified the role of ASCORBATE PEROXIDASE6
(APX6) during seed maturation in Arabidopsis (Arabidopsis thaliana). Here, we show that APX6 is a bona fide senescence-
associated gene. APX6 expression is specifically induced in aging leaves and in response to senescence-promoting stimuli
such as abscisic acid (ABA), extended darkness, and osmotic stress. apx6 mutants showed early developmental senescence
and increased sensitivity to dark stress. Reduced APX activity, increased H,O, level, and altered redox state of the ascorbate
pool in mature pre-senescing green leaves of the apxé6 mutants correlated with the early onset of senescence. Using transient
expression assays in Nicotiana benthamiana leaves, we unraveled the age-dependent post-transcriptional regulation of APX6.
We then identified the coding sequence of APX6 as a potential target of miR398, which is a key regulator of copper redistri-
bution. Furthermore, we showed that mutants of SQUAMOSA PROMOTER BINDING PROTEIN-LIKE7 (SPL7), the master reg-
ulator of copper homeostasis and miR398 expression, have a higher APX6 level compared with the wild type, which further
increased under copper deficiency. Our study suggests that APX6 is a modulator of ROS/redox homeostasis and signaling in
aging leaves that plays an important role in developmental- and stress-induced senescence programs.

Introduction Leaf senescence is developmentally controlled by several
internal cues that include the age of the plant, the age of
the leaf, and the onset of the reproductive phase. It involves
X X . hormone-associated pathways mediated by ethylene, jas-
the entire organism (Kim et al, 2016). monic acid (JA), salicylic acid (SA), and abscisic acid (ABA).

Senescence marks the last step in the development of an-
nual plants, culminating in the death of tissues, and finally,
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Interactions with environmental stimuli such as changes in
light conditions, photoperiodicity, temperature, reduced wa-
ter availability, prolonged darkness, oxidative stress, etc. of-
ten affect or interact with the internal cues, which can
induce early senescence or enhance its degree. Many of
these and other unfavorable environmental conditions, such
as drought and salinity, trigger premature senescence via
promoting the accumulation of reactive oxygen species
(ROS; Allu et al, 2014; Kim et al, 2016).

Fluctuations in the H,O, level that accompany plants dur-
ing their life cycle play an important role in the initiation and
progression of age-induced senescence. High resolution tem-
poral transcriptomic profiling of leaf development in
Arabidopsis (Arabidopsis thaliana) showed that the ROS-
responsive gene cluster is activated in 3-week-old plants, well
before leaves have reached their full size (Breeze et al., 2011).
The initiation of senescence typically coincides with the de-
cline in the growth rate, which in Arabidopsis is concomitant
with the transition to flowering (Thomas, 2013). During this
developmental phase in Arabidopsis, the increase in intracel-
lular H,0, concentrations is coupled with the temporal de-
crease in the activity of two key H,O,-scavenging enzymes,
CATALASE2 (CAT2) and ASCORBATE PEROXIDASE1 (APX1;
Ye et al,, 2000; Zimmermann et al., 2006; Bresson et al., 2017).

During the “reorganization” phase, the second stage of se-
nescence, the loss of chlorophyll (Chl) and chloroplast deg-
radation slowly progress while still supporting the energy
requirements of the cells. During this phase, the bulk of
photoassimilates and available nutrient are being exported
to sink tissues before the cytoplasm and nucleus degrade.
The loss of Chl and other macromolecules can lead to the
accumulation of ROS, further promoting senescence (Foyer
and Noctor, 2009; Chen et al, 2012; Khanna-Chopra, 2012;
Jajic et al, 2015; Bresson et al, 2017). Thus, the regulation of
the oxidative load during senescence is critical to allow a
timely and efficient sink to source nutrient mobilization un-
der favorable conditions, and for reducing the risk of exces-
sive oxidative damage and loss of organic material under
stress conditions (Foyer and Noctor, 2005). For instance, the
expression and activity of the Arabidopsis CATALASE3
(CAT3) and APX1 enzymes gradually increase from the time
of inflorescence bolting late into senescence, when much of
the Chl has degraded (Zimmermann et al., 2006).

As the reorganization phase progress, there is a steady
decrease in the antioxidative capacity that accompanies the
increase in ROS accumulation, which persists during the ter-
mination of senescence (Leshem, 1988; Orendi et al, 20071;
Navabpour et al, 2003; Zimmermann and Zentgraf, 2005;
Foyer and Noctor, 2009; Smykowski et al., 2010). Interestingly,
in the very last stages of senescence termination, when most
of the Chl is degraded, low expression and activity of the
seed-specific CAT1 become detectable in leaves (Dat et al,
2000; Zimmermann et al, 2006), indicating that the tight
control of ROS level persists until the very end.

In Arabidopsis and maize, it was shown that while the
level of ROS increases with the progression of senescence in
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aging leaves and plants, the extent of irreversible protein ox-
idation (i.e. protein carbonylation) drastically decrease rather
than increase (Johansson et al, 2004; Foyer and Noctor,
2009). This evidence supports the paradigm that ROS exert
their effects through specific-signaling pathways rather than
acting as indiscriminating oxidants, including those activat-
ing senescence and programmed cell death (Foyer and
Noctor, 2009).

This senescence-associated redox program may involve
the H,O,-responsive senescence key regulators WRKY53,
which is considered a master regulator of age-induced leaf
senescence, ORS1 (ANACO052), and the redox-sensitive
REVOLTA (Zentgraf et al, 2010; Balazadeh et al, 2011; Xie
et al, 2014). Many key components of the ROS network
that function in this program, including ROS-scavenging
enzymes and ROS-signaling factors, are yet unknown.

In this study, we show that the expression of cytosolic
APX6 increases with the age of the leaf and the plant, indi-
cating it is a bona fide senescence-associated gene. We fur-
ther show that high osmotic conditions, dark stress, and
ABA activate APX6 expression in an age-dependent manner.
Concomitantly, APX6-deficient mutants prematurely in-
duced senescence programs triggered by the transition to
flowering, extended darkness, and ethylene. The earlier onset
of senescence in the mutants was accompanied by higher
levels of H,O, compared with the wild-type and reduced
ability to adjust the leaves’ redox state. Using transient ex-
pression assays in N. benthamiana leaves, we discovered that
the constitutive expression of APX6 was restricted to old
and dying cells and absent in younger tissues. Using small
RNA target analysis, we identified miR398 as a potential
post-transcriptional regulator of APX6. Correspondingly,
mutants of SQUAMOSA promoter binding protein-like 7
(SPL7), the master regulator of miR398, showed increased
levels of APX6 in as yet flowering or senescing plants. Our
results unraveled the distinct role of APX6 in senescence
control, providing additional evidence for the importance of
tightly regulating ROS homeostasis during this developmen-
tal phase.

Results

Age-dependent expression of cytosolic APXs

To investigate the effect of leaf age on the expression of the
three cytosolic (c)APXs, APX1, APX2, and APX6, we com-
pared their relative transcript abundance using RT-qPCR.
To this end, we sampled young and mature leaves (YL
and ML, respectively) of 4-weeks old plants and leaves at
different senescence stages of 6.5-week-old plants (early-,
progressive-, and late- senescing [ES, PS, and LS, respectively]
leaves; Figure 1, A). As expected, APX1 was the dominant
cAPX (Figure 1, B-D). The level of APX1 was between two-
and three-fold higher in week 7, in the ES and PS leaves,
compared with week 4 in YL and ML. However, the expres-
sion of APX1 did not increase with the age of the leaf within
the plant, as the expression was comparable between the ES
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and PS leaves and then decreased by 25% in LS leaves
(Figure 1, B). These results indicated that the increase in
APX1 expression was in a plant age-dependent but not leaf
developmental stage-dependent manner. Also, as expected,
the expression of the exclusively stress-activated APX2
(Suzuki et al, 2013) remained negligible throughout the
plant and leaf development. However, it was significantly in-
duced in late senescing leaves (Figure 1, C). In contrast,
APX6 showed a gradual increase with the age of the leaf in
both the 4- and 6.5-weeks old plant, indicating its expression
is upregulated in a leaf-age-dependent manner (Figure 1, D).
Yet, although APX6 was nearly four-fold higher in late sen-
escing leaves of 6.5-week-old plants compared with young
green leaves of 4-week-old plants, it was 17-fold lower than
the level of APX1 (Figure 1, B and D). We further examined
the expression of the cAPXs in the base, middle, and tip of
early senescing leaves in 6.5-week-old plants (Figure 1, E-I).
Only APX6 displayed a gradual increase in expression along
the leaf blade with about a 4- and a 30-fold higher level in
the mid and tip sections, respectively, compared with the
base (Figure 1, H). The changes in the level of APX6 corre-
lated with the changes in the expression of the senescence
marker gene SAG12 (Figure 1, I).

Taken together, these results indicated that APX6 expres-
sion is upregulated in leaves with an age- and senescence-
dependent manner.

Spatial-temporal age-dependent expression of APX6
We further compared the age-dependent expression of
APX6, using transgenic plants expressing an APX6,:GUS
construct. Within the first 2 weeks of the plant’s develop-
ment, GUS activity was below the visible detection threshold
(Figures 2, A, 8, A—F). Between weeks 3 and 4, GUS activity
was moderate in cotyledons and was very weak at the tip of
the first true leaves (Figure 2, B). By weeks 5 and 6, GUS ex-
pression was seen at the tip of fully developed leaves and
spreading throughout the blade as the leaves got older
leaves, and yet restricted in younger leaves (Figure 2, C). The
appearance of APX6,,,:GUS expression, starting from the
tip and outer edge of a rosette leaf, is consistent with the
initiation pattern of leaf senescence and the directionality of
Chl degradation (Guo and Gan, 2006; Farage-Barhom et al,
2008). In 7-week-old plants, the age-dependent increase in
GUS activity was most evident with the strongest expression
in yellowing leaves (Figure 2, D, E). In contrast, GUS expres-
sion under the APX1 promoter (APX1,,,:GUS) resulted in a
strong and relatively uniform spatial GUS staining in leaves
from the early seedling stage to aging plants (Supplemental
Figure S1). By 9 weeks, APX6,,,:GUS expression became
detectable in young leaves, and the intensity grew even
stronger in mature and senescing leaves (Supplemental
Figure S2, A). Interestingly, a strong APX6,,,:GUS expression
was detected in sepals of mature post-anthesis flowers
showing a further increase with the aging of the tissue
(Supplemental Figure S2, B). Collectively, these results
indicate that APX6 expression is dependent on the age of
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the plant as well as the age of the tissue and support our
conclusion that APX6 has a distinct role in senescence.

Early senescence in apx6 mutants

To evaluate the function of APX6 during senescence, we
compared the growth and development of two independent
Arabidopsis T-DNA knockout lines of APX6, apx6-1 and
apx6-3 (Chen et al, 2014a) with the wild-type plant. From
the early stages of the vegetative growth to maturity, 4 weeks
after germination, no remarkable difference was observed
between the wild-type and apx6 mutants (Figure 3, A
and B). However, in 6-7-week-old flowering apx6 plants,
early signs of senescence were apparent in the older leaves,
and the diameter of the rosette was reduced compared with
the wild type (Figure 3, C—F and Supplemental Figure S3).
Tracking the development of the fifth and sixth leaves be-
tween weeks 4 and 8 demonstrated an earlier initiation of
senescence in axp6 plants compared with the wild type
(Supplemental Figure S4). Correspondingly, the expression of
WRKY53, SAG12, and SAGT13, evaluated in semi-quantitative
RT-PCR, accumulated earlier in the leaves of apx6-1 mutant
(Supplemental Figure S5). In 5-week-old plants, Chl concen-
tration was comparable between the wild type and mutants
at leaf number 6 but showed a more significant decrease in
the mutants in the older fifth leaf (Figure 3, E). This more
pronounced loss of Chl in the mutants was also visualized
and measured using delayed fluorescence imaging of whole
rosettes (Figure 3, F and G). In contrast with the apx6
mutants, apxT1-mutant plants do not show early senescence-
related phenotype (Supplemental Figure S6). Overall,
these results suggest that the activity of APX6 is required for
preventing accelerated loss of Chl and premature onset of
senescence.

Accelerated senescence in apx6 mutants triggered
by external stimuli

One of the best-known external cues for triggering senes-
cence is extended darkness (Liebsch and Keech, 2016).
Therefore, the senescence phenotype of apx6 plants was
tested in response to dark stress. To this end, 3.5-week-old
soil-grown plants were incubated for 7 d in complete dark-
ness. In response to dark stress, the cotyledons and older
leaves in the apx6 mutants were yellowing faster than in the
wild type, which was still mostly green (Figure 4, A).
Accelerated loss of Chl was further shown in detached
rosettes and detached leaves of 4.5-week-old apx6 plants fol-
lowing 4 d of darkness (Figure 4, B—E). The increased senes-
cence rate in the mutants was independent of injury stress,
as light-incubated severed rosettes and leaves did not show
notable differences from the wild-type (Figure 4, B-E).

We further tested whether the acceleration of senescence
in response to ethylene is higher in the apx6 mutants com-
pared with the wild type. To this end, detached leaves of
4-week-old plants were incubated with 100 pM of the ethyl-
ene precursor aminocyclopropane-1-carboxylic acid (ACC)
under continuous light for 4 d. Similar to the effect of dark
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Figure 1 Expression of cytosolic APXs during leaf aging. (A) A representative image of leaves used for the gqPCRs in B-D. Young leaf (YL) and fully
expanded mature green leaf (ML) from 4-week-old plants, and leaves from 6.5-week-old plants at different stages of senescence; early senescence
(ES; yellowing leaf area <25%), progressive senescence (PS; yellowing leaf area ~25%-50%), and late senescence (LS; yellowing leaf area > 50%).
(B-D) Quantitative real-time PCR analysis of the APX17, APX2, and APX6 transcript levels at different stages of leaf development, as presented in
A. The relative fold change expression for all three APXs in the different leaves is shown relative to the abundance of APX6 in the YL in D. Values
above the bars indicate the fold change expression level. Letters above each bar indicate statistical significance at the level of P < 0.05 as indicated
by one-way ANOVA Tukey’s test. (E) A representative image of ES leaf divided into three segments (base, mid, and tip) used for the qPCRs
in F=1. (F-1) The relative expression of the cAPXs and SAG12 in the different leaf sections. Results of expression in the mid and tip sections are
presented relative to the level of each gene at the base segment. SE indicates an average of n = 3 replicates. Letters above each bar indicate statis-
tical significance at the level of P < 0.05 as indicated by one-way ANOVA Tukey’s test.
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Figure 2 Age-dependent activation of the APX6 promoter. APX6,,,:GUS expression in leaves at different ages of the plants. (A) 1-week old,
(B) 3.5-weeks old, (C) 5-weeks old, and (D, E) 7-week old plant. Photograph of the leaves in E was taken prior to GUS staining. Scale bar = 5 mm.
The arrowheads in B point to inserts showing enlargements of the indicated first true leaves having weak blue staining at the very tip of the blade.

Scale bar in the inserts = 1 mm.

stress, ACC treatment accelerated the loss of Chl in the
mutants compared with the wild-type and the mock treat-
ment (Supplemental Figure S7).

These results indicated that APX6 mitigates the activation
of leaf senescence pathways induced by external stimuli
such as darkness or ethylene.

Altered ROS level and ascorbic acid redox state in
mature leaves of apx6 under light and dark
conditions

To evaluate the impact of APX6 activity on ROS and redox
metabolism associated with the initiation of leaf senescence,
we compared the level of H,O, and the ascorbic acid (AsA)
pool in the wild-type and apx6 mutant under control light
and dark stress conditions. To this end, we subjected 6-
week-old plants to dark stress for 2 d, a period sufficient to
induce pro-senescence signals, yet too short to result in se-
nescence symptoms, and sampled mature fully developed
green leaves.

The level of H,0,, measured using the Amplex Red re-
agent, was 70% and 90% higher in apx6-1 and apx6-3 in the
light, respectively, compared with the wild type (Figure 5,
A). In response to dark stress, the overall H,O, level was
lower compared with the light conditions, as expected, yet

the mutants maintained a two-fold higher level of H,O,
compared with the wild-type (Figure 5, A). Correspondingly,
APX activity was 25% lower in both mutants compared
with the wild type (Figure 5, B). In contrast, in 2-week-old
plants, the level of H,O, of the whole rosette was similar in
both the wild-type and apx6 plants under control light con-
ditions and was higher in the mutants during dark stress
(Supplemental Figure S8).

The level of total AsA was comparable between the wild
type and the mutants in the light as well as under dark
stress, which increased the level of the total AsA pool
(Figure 5, C), as recently reported (Zhang et al, 2016). Yet,
in the wild type, the level of the reduced AsA decreased by
20%, and the level of its oxidized form, dehydro-ascorbate
(DHA), increased 2.6-fold. In contrast, the level of reduced
AsA in apx6-1 and apx6-3 increased by 16% and 23%, re-
spectively, during dark stress (Figure 5, C).

Consequently, the ratio of reduced AsA to DHA between
the wild-type and the apx6 mutants was significantly differ-
ent (Figure 5, D); the AsA/DHA ratio in the light was lower
in apx6 leaves and remained similar under dark conditions,
whereas in the wild type it decreased 3.5-fold compared
with the control. These findings suggested that aging leaves
of the apx6 mutants have altered redox state.
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Figure 3 Early senescence phenotypes in the apx6 mutants. (A) 4-week-old wild-type and apx6 plants show no phenotypic differences.
(B) The relative diameter of the rosettes of 4-week-old plants. The wild-type diameter was set to 100%. SDs represent averages of n = 9 replicates.
(C) 7-week-old flowering wild-type and apx6 plants grown under normal condition. The inflorescence stems were removed to capture only the
rosettes. (D) The relative diameter of 7-week-old plants. SDs represent averages of n = 9 replicates. (E) Relative chlorophyll content, measured by
optical density, in the fifth and sixth leaves of 5-weeks-old wild-type and apx6é plants. SEs represent averages of n =7 and n =5 replicates
for leaves 5 and 6, respectively. (F) Chl imaging in 7-weeks-old rosettes using delayed fluorescence imaging with the NightShade imager. (G) The
relative Chl level measured by the delayed fluorescence imaging assay, shown in F. CPS = photons counts per second. SDs represent averages of
n = 4 replicates. * and ** indicate Student’s t test significance at P < 0.05 at P < 0.01, respectively.

Collectively, the above-presented results suggest that the
APX6 activity in Arabidopsis leaves facing senescence-
promoting cues, such as aging and extended darkness, is
needed for curbing the level of H,O, and redox state.

Stress-induced expression of APX6

Using APX6,,,:GUS reporter line, we investigated whether
APX6 is dark stress-responsive. GUS expression was tested in
5 d- and 2-weeks-old seedlings, grown on solid Murashige
and Skoog (MS) medium or soil, were dark-stressed for 4 or
7 d, and compared with light-grown plants of the same age.
In the younger seedlings, GUS activity was detected only in
the soil-grown (Figure 6, A and B) but not in MS grown
(Figure 6, D and E) dark-stressed plants, regardless of the

duration in the dark. Furthermore, GUS expression in the
soil-grown seedlings was restricted to cotyledons. In con-
trast, in 2-week-old plants exposed to dark stress for 4 d,
GUS activity was detected in both cotyledons and leaves in
both soil-, and MS agar-grown plants (Figure 6, C and F).
These results suggested that dark stress activation of APX6
expression is dependent on the age of the tissue and the
plant.

The differences in APX6 promoter activity between soil-
and MS-grown seedlings prompted us to test whether low
water potential triggers its expression. To this end, 2-weeks-
old plants were transferred to MS-agar supplemented with
200-mM sorbitol under light conditions for 4 d. A strong
GUS activity was observed in cotyledons but not in the true
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Figure 4 Dark stress-induced senescence phenotype of apx6 mutants. (A) Phenotype of 4.5-week-old plants grown under control (16/8-h light/
dark) or after 7 d in dark stress conditions. (B) A photograph of detached rosettes of 4.5-week-old grown under control (detached just before
photographing) and following 4 d incubation under light/dark cycle (detached light) or under dark conditions (detached dark). (C) The relative
chlorophyll content of 4.5-week-old detached rosettes shown in B. The chlorophyll values, measured by absorbance, are presented relative to the
control wild-type samples. SEs represent an average of n = 6 replicates. (D) A representative photograph of detached third or fourth rosette leaves
of 4.5-week-old plants that were incubated for 4 d under light conditions or in the dark. (E) The relative chlorophyll content in the third or fourth
detached leaves in control and after 4 d in dark stress. The chlorophyll values, measured by absorbance, are presented relative to the control wild-
type samples. SEs in C and E represent an average of n = 8 replicates, *** and **** indicate Student’s t test significance at P < 0.005 and P < 107%,

leaves, suggesting that osmotic-stress induction of APX6 ex-
pression is also age-dependent (Figure 6, G). The APX6 pro-
moter contains two putative ABA responsive elements
(Austin et al, 2016; Supplemental Figure S9). Accordingly,
treatment of 2-week-old plants with exogenous ABA (1 UM,
24 h) resulted in the appearance of GUS activity in the edge
of the cotyledons and of the leaves (Figure 6, H). This result
suggests the involvement of ABA in the age-dependent and
osmotic/stress activation of the APX6 promoter.

Transient expression of APX1 and APX6 proteins in
Nicotiana benthamiana tobacco leaves

As APX1 and APX6 are both cytosolic, and because partial
redundancy in their activity is assumed, we set to verify their
cellular distribution. To this end, we conducted transient ex-
pression of CaMV35S promoter-controlled APX1 or APX6

fused to GFP in N. benthamiana leaves and detected their
level under a confocal microscope or with in vivo live-
imaging of whole leaves. Surprisingly, APX6:GFP was unde-
tectable in leaves of 4—-6-week-old plants, compared with
the high fluorescence of APX1:GFP. Therefore, we co-
infiltrated APX6:GFP with the RNA silencing suppressor p19
protein. Co-expression with P19 facilitated the accumulation
of the APX6:GFP chimeric protein, detected by microscopy
and immunoblot with GFP antibodies (Figures 7, A and B
and Supplemental Figure $10), but still it was five-fold lower
than that of APX1::GFP (Figure 7, B). These results suggested
that APX6 is subjected to post-transcriptional regulation at
the level of the RNA, protein, or both. Interestingly, the im-
munoblot with anti-GFP antibodies identified additional re-
combinant APX1:GFP protein forms of higher or lower
masses than the expected full-size form, suggesting the
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of 6-week-old plants, grown under light conditions, or following 2 d of dark stress. (A) H,O, level measured by the Amplex red reaction. SEs repre-
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ute per milligram protein. SEs represent an average of n = 4 biological replicates in three technical repeats. (C) AsA level. The values above the
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DHA that are presented in C. SEs represents an average of n = 5 replicates. Letters above each bar indicate statistical significance at the level of

P < 0.05 as indicated by two-way ANOVA Tukey'’s tests.

existence of a multimeric complex and degradation forms,
respectively (Figure 7, B). In addition, the APX1:GFP was lo-
calized to the nucleus as well as the expected cytosolic accu-
mulation, whereas APX6:GFP was restricted to the cytosol
(Figure 7, A). We argue that this confinement of APX6:GFP
intracellular localization is due to the large size of this chi-
meric protein (63.2 kDa), 8.68 kDa larger than APX1:GFP
and 3.2 kDa larger than the size exclusion limit of the nu-
clear pore (Haasen et al, 1999). These results suggest that
cytosolic APXs may function in the nucleus.

To further compare the steady-state level of the two
APXs, we co-expressed APX1:RFP and APX6:GFP under
CaMV 35S promoter in fully expanded leaves of mature
flowering 8-weeks-old N. benthamiana. Surprisingly, whole-
leaf fluorescence imaging revealed that the level of
APXT1:RFP is higher at the bottom part of the leaf blade
compared with the upper portion that is closer to the tip.
In contrast, the level of APX6:GFP was almost the complete
opposite; high at the top but undetectable at the bottom
(Figure 7, C and D). Transient expression with APX1:GFP
resulted in similar patterns (Supplemental Figure S11), indi-
cating the results were independent of the identity of the
fluorescent protein. Interestingly, at the center of each agro-
bacterium infiltration site, there was a strong expression of
APX6:GFP compared with the undetectable APX1:RFP
(Figure 7, C). Because these imprints left by the tip of the

syringe during injection become yellow and necrotic within
3-4 d, these results suggested that program cell death is
also involved in the regulation of APX6 abundance. Taken
together, the transient expression results indicated that
APX6 and APX1 are regulated post-transcriptionally in an
age- and cell-fate status manner, but in opposite directions.

Identification of potential small RNAs involved in
regulating APX6 level

To identify small RNAs that may be targeting the APX6
CDS, we used the plant small RNA target analysis
(psRNATarget) server, which includes published microRNAs
(miRs) from 72 plant species (Dai and Zhao, 2011; Dai et al,
2018). The analysis identified miR398 as a potential regulator
of APX6 in A. thaliana and 25 other plants species from
various families of eudicots and monocots, including
Solanaceae, Cucurbitaceae, Fabaceae, and Poaceae to name
a few (Supplemental Figure S12 and Supplemental Table S2).
miR398 is a conserved plant miRNA that regulates copper re-
distribution by targeting mRNAs of copper-binding proteins.
Two of the canonical targets of miR398 include copper/zinc
superoxide dismutase 1 (CSD1) and plastid CSD2 (Zhu et al,
2011; Sunkar et al, 2012). The expression of miR398 in
Arabidopsis is dependent on the transcription factor
SQUAMOSA promoter binding protein-like 7 (SPL7).

1202 AInp 2z uo npa’jjouioo@zaio ‘Aieiqr Aisseniun (19Ui00 AQ 222009/ Lv/2/S81L/RI0Me/sAyd|d/woo dnoolwapeoe)/:sdjy Woy papeojumod


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa031#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa031#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa031#supplementary-data

Plant Physiology, 2021, Vol. 185, No. 2

PLANT PHYSIOLOGY 2021: 185; 441-456 449

Soil-grown
——— C
L D . = L D@
I_' L | ._‘F . _'-_‘f._ gg . i = .-‘- . '?_‘)
v 7 Hy B ™
y $ in = A ’ .
o | & _
MS-grown
D E F
LealD L D | F B %
} ‘ ] *1 ‘
) 1,
‘ ,] &
L] e — — = =
Sorbitol ABA
G — H
\'n,' -
. o
o

Figure 6 Age-dependent activity of the APX6 promoter:GUS reporter under control and stress conditions. (A-F) GUS stained plants kept under
light (L) or dark (D) stress conditions. (A—C) Plants grown in soil. (D—H) Plants were grown on MS agar plates. A and D, 9-d-old plants after 4 d in
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bitol. (H) 15-d-old plant after 24 h treatment with 1-pM ABA. Scale bar = 1 mm.

Consequently, spl7 mutants do not express miR398a-c
(Yamasaki et al., 2009; Bernal et al,, 2012; Brousse et al, 2014).

Involvement of SPL7 and miR398 in APX6 post-
transcriptional regulation

To test whether APX6 is a target of miR398, we used the
two spl7 T-DNA insertion mutant alleles, sp/7-1 and spl7-2
(Yamasaki et al., 2009; Bernal et al., 2012; Brousse et al.,
2014). RT-gqPCR in mature green leaves of 6-week-old
plants grown in soil under normal conditions (i.e. without
the addition of copper) showed that APX6 was 1.5- and
2.3-fold higher in spl7-1 and spl7-2, respectively, compared
with the wild type (Figure 8, A). The higher APX6 abun-
dance in the leaves of spl7 mutants was in correlation
with the increased levels of CSD2 and blue copper-
binding protein (BCBP), two canonical miR398 targets
(Figure 8, A). In contrast, the level of APX1 did not
change significantly in the spl7 lines.

Because spl7 mutants are deficient in copper distribution,
they require copper supplementation in the growth medium
to grow in size and develop into fertile adults (Yan et al,
2017). Therefore, to further test the expression of APX1 and

APX6 in old senescing spl7 mutants, plants were grown in
soil irrigated with 25-uM CuSO, as previously described
(Yan et al, 2017). To this end, we sampled still green and
early senescing inner whorl leaves of 15-week-old copper-
supplemented plants. In green leaves, the level of APX6 was
2.75- and 3.5-fold higher in spl7-1 and spl7-2, respectively,
compared with the wild type. A similar increased level of
APX6 expression was observed in senescing leaves of the
spl7 lines (Figure 8, B).

These results, which are consistent with the results
presented in Figure 8, A, suggested that APX6 transcripts
accumulation depends on the presence of SPL7. In contrast,
the level APX1 increased in the green leaves of both spl7
lines but decreased in the senescing leaves of the spl7-1 line
compared with the wild type level (Figure 8, B), indicating
that APX1 expression does not depend on SPL7.

mIRNA398 expression increase during copper deficiency
(Zhu et al, 2011; Bernal et al, 2012; Waters et al, 2012
Pilon, 2017). Therefore, we tested whether the age-
dependent transcript accumulation of APX6 is affected by
the copper availability status of the plant. To this end, the
level of APX6 was examined in 4—6-week-old plants grown
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results after co-infiltration with the P19 protein, which suppresses the RNA silencing apparatus. White arrowheads in the APX1:GFP upper (-P19)
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hydroponically with or without 250-nmol CuSO, As  S14), and along the blade of senescing leaves (Supplemental

expected, spl7-2 consistently showed higher levels of APX6
compared with the corresponding wild-type sample. Also, as
expected, an age-dependent increase in APX6 expression
was obtained under copper sufficient conditions in both
wild type and spl7-2 (Figure 8, C). The abundance of APX6
was inversely correlated with the expression level of miR398
under both conditions and plant age (Figure 8, D). As
expected, the expression of miR398 was negligible in the
spl7-2 under all conditions and highly induced in the wild
type under copper deficiency, However, in the 6-week-old
plant, the induction level of miR398 under copper deficiency
was substantially reduced compared with the 4-week-old,
suggesting this decrease is age-dependent. This result is con-
sistent with the age-dependent reduction in the expression
of SPL7 in 6-week compared with 4-week-old plant
(Supplemental Figure S13), the Genevestigator developmen-
tal expression profile (Hruz et al, 2008; Supplemental Figure

Figure S15).

Taken together, the results presented above implicate
SPL7 as a negative regulator of APX6 transcript accumula-
tion in an age-dependent manner, most likely via the activa-
tion of miR398.

Discussion

A recent bioinformatic evaluation of APX family gene ex-
pression indicated that AtAPX6 is relatively highly abundant
during senescence (Ozyigit et al,, 2016). Curiously, a previous
analysis of age-related expression changes in all eight
Arabidopsis APX family gene members reported age-
dependent reduction for APX4 and thylakoid (tyl)APX, but
no remarkable changes in the expression of all others
(Panchuk et al.,, 2005).

In this study, we present a body of evidence showing that
APX6 is a bona fide senescence-associated gene which
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function delays the onset of senescence. The fact that apx6
mutants display early developmental senescence phenotype,
whereas apx1 mutant does not (Supplemental Figure S6;
Miller et al., 2007), underline the distinct function of APX6.
In line with the paradigm that ROS activates specific-
signaling pathways (Foyer and Noctor, 2009), we postulate
that the accumulation of H,0O, in the absence of APX6 ac-
tivity in mature leaves of the mutants (Figure 5) acts as spe-
cific senescence promoting signal. Accordingly, the increased
H,O, level and the altered redox state in mature leaves of
the apx6 mutants rendered them more sensitive to
senescence-promoting stimuli such as aging cues, extended
darkness, and ethylene (ACC treatment). Thus, it may be
that the activity of APX6 mitigates age-related changes and
delays the onset of senescence.

At the systemic level, plants induce leaf senescence to
provide carbon, nitrogen, and mineral resources to the de-
veloping fruits and seeds. Remobilization of the degradation
products of DNA, ribosomal RNA, and other molecules, as
well as micronutrients during reproductive senescence, sup-
ports the viability of newly developing seeds (Schippers,
2015). These processes must be tightly coordinated under
optimal conditions, and more so during stress, to achieve
maximal productivity. Previously, we showed that APX6 also
functions in mature drying seeds, protecting them from
excessive oxidative stress and acting in the regulation of
ROS signals (Chen et al,, 2014a, 2014b). The distinct function
of APX6 during leaf senescence and seed maturation under-
lines its importance during the final reproductive-
development stages of the plant. Thus, functioning at both
ends of the sink and source conduit, APX6 may provide
extra protection, preventing excessive oxidation of the bulk
of nutrients transported to the reproductive tissues, and
protecting seeds during their desiccation stage.

We showed that APX6 promoter activity is triggered by
ABA, extended darkness, and osmotic stress (sorbitol) in an
age-dependent manner (Figure 6), suggesting that ABA gov-
erns the transcriptional activation of APX6. During leaf se-
nescence or prolonged dark incubation, ABA biosynthesis
rate and concentration increase, further enhancing the se-
nescence process (Zhang and Zhou, 2013). Furthermore,
ABA was shown to promote drought tolerance and leaf se-
nescence, allowing proper reallocation of nutrients from
source-to-sink tissues (Zhao et al, 2016). It has been sug-
gested that the impact of ABA on leaf senescence is medi-
ated through ABA insensitive 5 (ABI5) transcription factor.
ABI5 directly activates the expression of NON-YELLOW
COLORING1 (NYC1) and STAYGREEN1 (SGR1) that func-
tion in Chl catabolism, whereas its deficiency delayed leaf
senescence (Sakuraba et al, 2014; Su et al, 2016). Other
studies have reported the involvement of ABI5 in dark-
induced senescence (Lee et al., 2015; Su et al, 2016). ABI5 di-
rectly suppressed the activation of the LEA protein ABR,
which activity inhibits dark-induced senescence in
Arabidopsis (Su et al,, 2016). Similar to APX6, ABR expression
is induced by ABA, low water potentials, and darkness.
Previously we showed that apx6 seeds are hypersensitive to

C. Chen et al.

ABA, which may be related to their altered ABI5 expression
(Chen et al, 2014a, 2014b). Thus, ABI5 may link between
ABA- and stress-activated senescence programs and the in-
duction of APX6 (Figure 9). The involvement of ABI5 in reg-
ulating APX6 transcriptional activation is currently under
investigation.

In this work, we also uncovered the age- and cell death-
dependent  post-transcriptional ~ regulation of APX6
(Figure 7). We then identified the conserved miR398 as
the plausible small RNA targeting APX6 transcripts
(Supplemental Figure S12). By interrogating the spl7
mutants, which do not induce the expression of miR398, we
provided evidence that SPL7, most likely through miR398, is
involved in suppressing APX6 transcript accumulation in
Arabidopsis leaves in an age-dependent manner (Figure 8
and Supplemental Figure S13-S15). In support of this
conclusion, under copper deficiency conditions that strongly
induce miR398 expression (Yamasaki et al, 2009), the age-
dependent increase in APX6 was suppressed in the wild
type but not in the sp/7-2 mutant (Figure 8, C). Thus, we
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ii (Jagadeeswaran et al., 2009; Jia et al., 2009; Carrio-Segui et al., 20186).
iii (Carrio-Segui et al., 2016).

Figure 9 Proposed model for the induction of APX6 transcript accu-
mulation responding to senescence promoting stimuli via the ABA-
dependent pathway. ABA induces the transcriptional activation of the
APX6 promoter, directly or indirectly, by yet unknown transcription
factors (TFs). Previous studies (i) provided evidence indirectly linking
ABA INSENSITIVES (ABI5) as a plausible upstream regulator of APX6
expression—thus, the question mark. APX6 is also negatively regulated
transcriptionally by miR398 via the activity of its master regulator
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE7 (SPL7). We sug-
gest that while miR398 suppresses its canonical targets COPPER/ZINC
SUPEROXIDE DISMUTASE1 (CSD1), CSD2, and others, it is also moon-
lighting on APX6, and perhaps other targets not directly linked to cop-
per distribution control. Under copper sufficient conditions, the
expression of SPL7 decreases with the age of the plant and leaves pro-
moting the accumulation of APX6 transcripts. ABA suppresses the ex-
pression of SPL7, further enhancing the age- and stress-dependent
expression of APX6 (ii). In contrast, Cu deficiency, inhibiting ABA
biosynthesis and signaling (iii), decreasing APX6 expression in a
two-prong manner, suppressing the ABA signaling pathway while
increasing the SPL7-mediated Cu-redistribution response.
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propose that while miR398 is primarily engaged in fine-
tuning the expression of CSD1, CSD2, and other copper-
binding proteins (Sunkar et al, 2006), it is also suppressing
the accumulation of APX6 transcripts and perhaps other
non-Cu-binding enzymes (Figure 9).

The age-related decrease in SPL7, which facilitated the ac-
cumulation of APX6 transcripts, may be associated with the
senescence-mediated increase in ABA, as ABA and salinity
treatments suppressed miR398 expression in Arabidopsis
seedlings (Jagadeeswaran et al, 2009; Jia et al, 2009). It is
noteworthy that copper deficiency negatively impacts ABA
accumulation, while ABA significantly decreases SPL7 expres-
sion (Carrio-Segui et al, 2016). Thus, it is possible that ABA
signaling also facilitates the accumulation of APX6 tran-
scripts by inhibiting the expression of SPL7/miR398
(Figure 9).

Overall, in this work, we discovered the role of APX6 in
delaying the early onset of age-dependent and stress-
induced senescence programs in A. thaliana and showed
that its activity is modulated transcriptionally and post-
transcriptionally by ABA and SPL7/miR398, respectively
(Figure 9).

Materials and methods

Plant materials, growth conditions, and treatments
All Arabidopsis (A. thaliana) mutant lines used in this
study are in the background of Columbia (Col-0) ecotype.
APX6 T-DNA insertion lines (apx6-1, WiscDsLox321C09; and
apx6-3, WiscDsLox337H07) were previously described by
Chen et al. (2014a), spl7-1 (SALK_093849) and spl7-2
(SALK_125385) previously described by Brousse et al. (2014).

Plants were grown in growth chambers (Percival AR-66;
Percival Scientific) at 23°C under long day 16-/8-h light/dark
cycle, 80 pmol m™2 s™' photosynthetic flux density, and with
70% relative humidity, or under continuous light (50 pmol
m~> s7") in a growth room with 65% relative humidity. For
experiments with spl7 mutants grown in soil (Figure 8, B),
plants were irrigated with 25-uM CuSO,. For hydroponically
grown plants (Figure 8, C and Supplemental Figure S13),
plants were grown with or without 250-nmol CuSO; as pre-
viously described (Yan et al, 2017).

Dark stress treatment

For phenotypic comparison of apx6 mutants with the wild
type, 3.5-week-old soil-grown plants were transferred to dark
growth chamber for 7 d or kept under 16-/8-h regime for
the same duration, as control. Additionally, detached third
and fourth leaves of 4.5-week-old plants were incubated in
double distilled water under constant darkness or light for
4 d before analyses.

ACC treatment

The detached third and fourth leaves of 4-week-old plants
grown under control condition as above were incubated in
10-uM  ACC for 4 d before analyses, as previously
described (Li et al, 2013).
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Chl measurements
Preparative Chl determination

Chl was extracted from the third and or fourth rosette
leaves using 99.8% (v/v) ethanol for 20 min at 80°C as previ-
ously described (Cui et al, 2013). Chl content per fresh
weight (FW) of a leaf was calculated as described by
Lichtenthaler et al. (1986). Absorbance measured at
664.5 and 647 nm and the Chl content in micrograms was
calculated per gram FW as followed: Chl a = 12.70A (664.5)—
2.79A (647); Chl b = 20.70 A (647)-4.62A (664.5); total Chl
= 17.90A (647) + 8.08A (664.5).

Determination of Chl in live plants

Chl was evaluated in the entire rosette of 7-week-old plants
or detached leaves by measuring delayed fluorescence using
the NightSHADE LB985 device (Berthold Technologies, Bad
Wildbad, Germany) according to Gould et al. (2009).

H,O, measurements

Quantification of H,O, in leaves extracts was performed
according to the Amplex Red (Molecular Probes, Invitrogen)
Hydrogen/Peroxidase assay kit protocol. The reaction buffer:
25-mM sodium phosphate, pH 7 10-mM Amplex Red re-
agent and 1 U/mL of horseradish peroxidase (HRP). Three
technical repeats in four biological replicates were used for
the assay. To avoid the possibility of residual H,O,-reducing
enzymatic activity before the Amplex Red reaction, all the
samples were kept on ice up until the addition of the HRP
enzyme. The Amplex Red reagent reacts with H,O, in a 1:1
stoichiometry to produce the red-fluorescent oxidation
product, resorufin. The resorufin fluorescent signal was mea-
sured in the Synergy 4 fluorescence plate reader (Bio-Tek)
using 530-/590-nm excitation/emission.

APX activity measurements

APX activity assay was done as previously described
(Panchuk et al., 2002); 10-pul extract from 6-week-old plants
in a reaction buffer containing 25-mM Na-phosphate (Ph
7.0), 0.1-mM EDTA, 1-mM H,0O,, and 0.25-mM ASA in a to-
tal volume of 1 mL. Changes in AsA absorbance at OD 265
nm as previously described (Yamasaki et al, 1997) with the
absorption coefficient 14,500 M™' cm™" (Witmer et al, 2016)
were recorded every 10 s over 5 min and normalized to the
protein level that was quantified by Bradford assay. We used
OD265 instead of the previously used OD290 (Nakano and
Asada, 1981) because 265 nm is the absorption maximum
of AsA, and DHA had significant absorption at 290 nm in
our assay mixture. The experiment was performed with
three technical repeats and three biological replicates. In
Figure 5, the activity values are presented in pmol normal-
ized to the total protein per time (t = 60 s).

AsA measurements

The concentrations of total ascorbate and the reduced AsA
were determined using the ferrous ion reaction with
-0’ -bipyridyl according to Gillespie and Ainsworth (2007).
The level of DHA in each of the samples was deduced by

1202 AInp 2z uo npa’jjouioo@zaio ‘Aieiqr Aisseniun (19Ui00 AQ 222009/ Lv/2/S81L/RI0Me/sAyd|d/woo dnoolwapeoe)/:sdjy Woy papeojumod


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaa031#supplementary-data

454 | PLANT PHYSIOLOGY 2021: 185; 441-456

subtracting the reduced AsA from the total ascorbate
content. Measurements in green leaves of 6-week-old plants
grown under control light conditions and following dark
stress were performed with five biological replicates with
three technical repeats.

Molecular analyses
Gene expression analysis

RNA extraction from fresh leaves was carried with the
TRIZOL reagent (Life Technologies, Carlsbad, CA, USA)
according to the manufacturer's recommendations. PCR,
complementary DNA synthesis, quantitative real-time PCR,
and semi-quantitative PCR were done as described previ-
ously (Chen et al, 2014a). The primers’ names and sequen-
ces are listed in Supplemental Table S1. Quantification of
the bands’ intensity in the semi-quantitative PCR in
Supplemental Figure S5 was conducted using Image)
software.

The extraction of total protein, immunoblotting, and pro-
tein oxidation analyses was performed as previously described
(Miller et al.,, 2007). Mouse anti-GFP antibodies and goat-anti
mouse IgG HRP (Santa Cruz Biotechnology, USA) were used
for the detection of APX::GFP recombinant proteins.

Cloning
The genomic fragment of ~1000-bp upstream of start
codons of APX6, covering the entire intergenic up-stream re-
gion, was cloned to generate APX6,,-GUS fusions
(Supplemental Figure S16).

For the cloning, we used PCR-amplification with Herculase
Il Fusion DNA Polymerase enzyme (Agilent Genomics, USA)
using specific primers (Supplemental Table S1), and intro-
duction into pDONR221 entry vector by recombination us-
ing the Gateway BP clonase reaction (Invitrogen, USA). The
APX6 promoter was fused to the GUS reporter gene by re-
combination into the pHGWFS7,0 binary destination vector
that contains the B-glucuronidase (GUS) reporter gene
(Karimi et al., 2002), using the Gateway LR clonase reaction.

To generate APX1 or APX6 fluorescent protein fusions,
the CDS of both genes was PCR amplified and cloned into
pDONR221, as described above. The recombinant CDS were
cloned into pH7FWG2,0 or pH7RWG2,0 binary vectors
containing GFP and RFP, respectively (Karimi et al, 2002).
The CDS of the tombusviral P19 protein was cloned into
the pGreen vector downstream to the CaMV35S promoter.
Agrobacterium tumefaciens strain GV3101 was used for the
introduction of all gene cassettes into Arabidopsis in stable,
and Nicotiana benthamiana, transiently.

Transient expression in N. benthamiana

Agrobacterium infiltration was performed according to
Sparkes et al. (2006). The final concentration of the
infiltrated agrobacterium was 02 ODgg. In the co-
expression experiments, the APX1 and APX6 agrobacteria
were mixed in a 1:1 ratio, and when P19 use with APX1/6,
the ratio was 1:3.

C. Chen et al.

GUS staining. GUS staining was performed in young seed-
lings, plants, and leaves as previously described (Miller et al.,
2005), following treatments. For dark stress treatment, 5-d,
10-d, or 2-week-old plants were incubated in the dark for 4
or 7 d. Control plants of the same age were kept for the
same duration under constant light. For osmotic stress and
ABA treatments, 1-2-week-old plants germinated on MS
agar were transferred to new plates containing 200-mM sor-
bitol or 1-uM ABA for 24-48 h.

Microscopy and imaging

GFP fluorescence was imaged in Agrobacterium-infiltrated
leaves sections using the Olympus-FV1000 confocal micro-
scope using multi-Argon laser with excitation at 488 nm
and emission at 520 nm with a long-pass filter. For GFP and
RFP imaging in the entire leaf blades, either the Cri Maestro
Il (PerkinElmer, USA) or NightShade LB 985 (Berthold
Technologies, Germany) live imaging systems were used.

Statistical analysis

For the results of APX activity, H,O, content, AsA, and
DHA content, the differences between mean values were an-
alyzed for significance using two-way ANOVA and Tukey's
test in RStudio (R. RStudio, Inc, Boston, MA, USA; http://
www.rstudio.com/). In real-time PCR experiments, the rela-
tive concentrations of PCR products were statistically signifi-
cant according to the t test or ANOVA test (one-way or
two-way) by RStudio.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers:
APX1 (At1g07890), APX2 (At3g09640), APX6 (At4g32320),
SPL7 (AT5G18830), miRNA398b (AT5G14545), miRNA398c
(AT5G14565), SAG12 (AT5G45890), SAG13 (AT2G29350),
WEKY53  (AT4G23810), (CSD2 (AT2G28190), BCBP
(AT5G20230), ACTIN2 (AT3G18780).

Supplemental data

Supplemental Figure S1. Age-dependent expression of
APX1,,,,:GUS.

Supplemental Figure S2. GUS staining in 9-week old
APX6,,,:GUS plants.

Supplemental Figure S3. Detached leaves of 6-week-old
wild-type and apx6 plants.

Supplemental Figure S4. Week by week aging progress of
leaves 5 and 6.

Supplemental Figure S5. Semi-quantitative PCR of
SAG12, SAG13, and WRKY53.

Supplemental Figure S6. APX1 knockout does not show
increased senescence phenotype.

Supplemental Figure S7. Ethylene-induced senescence
phenotype of apx6 mutants.

Supplemental Figure S8. H,0, level in 2-week-old light-
grown and dark stressed plants.

Supplemental Figure S9. APX6 promoter contains two
putative novel ABA-responsive elements.
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Supplemental Figure S10. Co-expression of APX1:GFP or
APX6:GFP with or without P19 protein in the whole leaf.

Supplemental Figure S11. APX1:GFP transient expression
in fully developed Nicotiana benthamiana leaf.

Supplemental Figure S12. Top hit results of microRNA
targeting APX6 coding sequences in the psRNATarget web
tool.

Supplemental Figure S13. Age-dependent expression of
SPL7.

Supplemental Figure S14. Genevestigator developmental
expression of SPL7, APX1, and APX6.

Supplemental Figure S15. Relative expression of SPL7 in
the different sections of a senescing leaf.

Supplemental Figure S16. Genome browser snapshot of
APX1 and APX6 genes.

Supplemental Table S1. List of primers

Supplemental Table S2. Full list results of microRNA tar-
geting APX6 coding sequences in the psRNATarget web tool
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