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Coordination of gene expression in mitochondria, plastids, and nucleus is critical for plant development and survival. Although
WHIRLY2 (WHY2) is involved in mitochondrial genome repair and affects the DNA copy number of the mitochondrial genome,
the detailed mechanism of action of the WHY2 protein is still elusive. In this study, we found that WHY2 was triple-localized
among the mitochondria, plastids, and the nucleus during Arabidopsis (Arabidopsis thaliana) aging. Overexpressing WHY2
increased starch granule numbers in chloroplasts of pericarp cells, showing a partially dry, yellowing silique and early
senescence leaves. Accordingly, WHY2 protein could directly activate the expression of jasmonic acid carboxyl methyltransferase
and senescence associated gene 29 (SWEET15) gene expression and repress SWEET11 gene expression in the nucleus, leading to
alteration of starch accumulation and transport in pericarp cells. In contrast, loss of WHY2 decreased starch and sugar content in
pericarp cells but promoted starch accumulation in leaves and seeds. These phenotypes of WHY2-overexpressing plants were
enhanced in response to methyl jasmonate. Our results suggest that WHY2 in plastids, mitochondria, and the nucleus plays a
vital role in alteration of carbon reallocation from maternal tissue to filial tissue.

There are three organelles in plant cells, which possess
and maintain genetic information: nucleus, plastids, and
mitochondria. Coordination of gene expression in these
organelles is critical for plant development and survival
(Nott et al., 2006; Liu and Butow, 2006). In addition to the
crosstalk between chloroplasts/mitochondria and nu-
cleus, functional interactions between chloroplasts and
mitochondria have been established during plant evolu-
tion to coordinate the activities of these two organelles,
which exhibit a high degree ofmetabolic interdependence

(Leister 2005; Bailleul et al., 2015). Therefore, communi-
cation among multiple organelles in the cell is important
for cell fate and survival.

TheWHIRLY protein family is a small family of single-
stranded DNA/RNA binding proteins located in organ-
elles and the nucleus. The first identifiedWHIRLY family
memberwas the transcription activator p24/PBF2 (PR10a
binding factor 2), isolated by Desveaux and coauthors
from potato (Solanum tuberosum). PBF2 binds to the elici-
tor inductive response element and activates the expres-
sion of PR10a, a pathogen-related gene of potato, andwas
later named StWHIRLY1 (Desveaux et al., 2000). Subse-
quently, WHIRLY family members were found in many
plant species (Desveaux et al., 2005). WHIRLY1 (WHY1)
and WHIRLY2 (WHY2) exist in all plants; WHIRLY3
(WHY3) is found only in dicotyledonous plants. Two
members of the WHIRLY family in Arabidopsis (Ara-
bidopsis thaliana), WHY1 and WHY3, were found in
chloroplasts and the nucleus (Krause et al., 2005; Xiong
et al., 2009), whereas WHY2 was localized in mito-
chondria (Krause et al., 2005; Maréchal et al., 2008; Cai
et al., 2015). The functions of WHY1 have been well
documented in various plant species and can be sum-
marized in four categories: (1) a transcription factor in
the nucleus regulating the expression of downstream
target genes involved in the pathogen response path-
way and plant senescence, such as PR10a in potato,
WRKY53 and kinesin in Arabidopsis, HvS40 in barley
(Desveaux et al., 2004; Xiong et al., 2009; Miao et al.,
2013; Krupinska et al., 2019); (2) an auxiliary factor for
homologous recombination and double-strand DNA
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break repair in organelles, playing a role in maintaining
organelle genome stability (Maréchal et al., 2008); (3) a
DNA/RNA-binding protein interacting with the telo-
mere repeat sequence in plastids, such as psbA and the
TAC complex, playing the role of a “chaperone” protein
in RNA processing (Pfalz et al., 2006; Prikryl et al., 2008;
Melonek et al., 2010; �Swida-Barteczka et al., 2018;
Zhuang et al., 2018); (4) its enrichment at the thylakoid
membrane appears to have an effect on photosynthesis,
redox stress, and the hormone signaling system (Isemer
et al., 2012; Foyer et al., 2014; Comadira et al., 2015;
Huang et al., 2017; Guan et al., 2018; Lin et al., 2019).
WHY1 could also interact withWHY3 synergistically in
maintaining organelle genome stability and protein
metabolism (Maréchal et al., 2008; Guan et al., 2018).
WHY2 functions have not been studied as extensively.
Overexpressing WHY2 affected the mitochondrial
complex I/V of the respiratory transport chain, and it
was proposed that WHY2 plays a role in Arabidopsis
mitochondrial genome repair and protects against mi-
tochondrial genome dysfunction (Maréchal et al., 2008;
Cappadocia et al., 2010). Later, the why2 null mutant
showed low copy number DNA of the mitochondrial
genome, whereas WHY2 overexpression in pollen tube
cells caused abnormalities in respiration (Cai et al., 2015).
However, the detailed mechanisms of action of the
WHY2 protein in different organelles are still elusive.
In this study, we found that WHY2 was localized in

all three DNA-containing organelles: mitochondria,
plastids, and the nucleus, during plant aging. It could
bind both to a DNA/RNA fragment of the mito-
chondrial genome and to a DNA fragment of the nu-
clear genome, and alter gene expression of the Suc
transporter SWEET11/15 and starch allocation in the
pericarp cell during leaf senescence and silique devel-
opment. This phenomenon was enhanced in response
to methyl jasmonate (MeJA). These results suggest that
WHIRLY2 plays an important role in carbon realloca-
tion between organelles and the nucleus, working as a
potential retrograde signal connecting mitochondria,
plastids, and the nucleus.

RESULTS

Overexpression of WHY2 Accelerates Leaf Senescence and
Causes Abnormal Silique Development

To systemically investigate the function ofWHIRLY2
(WHY2) protein during the development of Arabi-
dopsis plants, we produced gain-of WHY2, loss-of
WHY2, and complemented WHY2 transgenic plants.
We identified them by northern blot, semi reverse
transcription quantitative PCR, reverse transcription-
quantitative PCR (RT-qPCR), and Western blotting
(Supplemental Fig. S1). After we screened eight over-
expressing lines, three T-DNA insertion knockout lines,
and four complement lines by RT-qPCR, we selected two
homozygousWHY2overexpressing lines (oeWHY2-FLAG
L1 and oeWHY2-FLAG L5), two complemented lines that

harbors theWHY2 coding sequence (CDS) fused to FLAG
driven by its own promoter (Pwhy2:WHY2-FLAG) in the
why2 background (comWHY2-1 and comWHY2-3), and
two why2 knockout mutants (why2-1 and why2-2) with
different T-DNA insertion sites (Fig. 1A). The results of the
northern blot and semiquantitative PCR showed that
the mRNA level of WHY2 in these two knockout lines
(why2-1, why2-2) is barely detectable, but a 600-bpmRNA
signal can be detected in wild-type plants and the
comWHY2-FLAG line and they had the same WHY2
mRNA level (Supplemental Fig. S1A). Furthermore, the
expression level ofWHY2 in oeWHY2-L1 and oeWHY2-L5
was significantly higher than that in wild-type plants
(Supplemental Fig. S1B). Simultaneously, WHY2 protein
levels in oeWHY2, why2, comWHY2, and wild type were
immunodetected with an antibody against a WHY2
peptide (Supplemental Fig. S2), which showed a strong
signal in the two oeWHY2 lines (Lines 1 and 5), a weak
signal in comWHY2 andwild-type plants, and no signal in
the two why2 lines (Supplemental Fig. S1C). Next, we
assessed the phenotypes of the above-mentioned trans-
genic plants. Interestingly, we found a small rosette, ear-
lier leaf senescence, 4 to 5 d earlier bolting, and an
abnormal siliquedevelopment phenotype occurring in the
overexpressingWHY2 lines, and larger siliques and seeds
in the why2 lines. Twelve 5-week-old plants of the
oeWHY2, why2, and comWHY2 lines and wild-type plants
were systematically and statistically analyzed. The rosette
size of oeWHY2 plantswas significantly smaller compared
to the wild type (Fig. 1, B and F). Additionally, the rosette
of 6-week-old oeWHY2 plants showed a much severer
yellowing and senescence phenotype up to leaf number 3,
whereas all leaves of the why2 plants stayed green
(Fig. 1B). A statistical analysis of 12 plants was performed
by categorizing the leaves into four groups according to
their leaf color (green; green/yellow; fully yellow; brown/
dry; Fig. 1C); the yellowing leaves ratio was much higher,
and the chlorophyll content of rosettes in the oeWHY2
plants was coordinately lower by 30% (Fig. 1D). Intrigu-
ingly, the width and length of siliques in the oeWHY2
plantswere significantly shorter comparedwithwild-type
plants; in contrast, the width of siliques in the why2 line
was larger relative to wild type, and the weight per 100
seeds in why2 was significantly increased by nearly two-
fold (Fig. 1F). The complemented lines rescued the why2
phenotype, similar to wild type (Fig. 1, D–F). The micro-
array data taken from public datasets of the The Arabi-
dopsis Information Resource Web site (Winter et al.,
2007) clearly showed that WHY2 was highly expressed
in imbibed seeds, flowers, young siliques, and the shoot
apex (Supplemental Fig. S3), but expressed at low levels
in rosette leaves, roots, mature siliques, and pollen
(Supplemental Fig. S3).

Overexpressing WHY2 Increases the Number of Starch
Granules in Chloroplasts of Pericarp Cells

We further observed the development of siliques in
three different WHY2 expression level backgrounds of
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7-week-old WHY2 transgenic plants by cytological
observation. We did not find any significant defects in
germinated pollen. However, we observed delayed
embryo development in oeWHY2 and slightly earlier
development in the why2 line, compared with the wild
type (Fig. 2A). We calculated and measured the area of
20 embryos per line and showed 90% embryos were
fivefold smaller in the two oeWHY2 lines and slightly
larger in the two why2 lines compared with the wild
type (Fig. 2B). The results of ultrastructural observation
did not reveal any structural changes in the chloroplast
grana, stromal thylakoids, and mitochondria of peri-
carp cells of the silique from the oeWHY2 lines that
displayed abnormal embryo development. However, a
significant difference in starch granule number was
observed. The accumulation of starch granules in
chloroplasts of pericarp cells was significantly higher in
oeWHY2. In contrast, the number of starch granules was
significantly lower in the why2 line, compared with the
wild type (Fig. 2, C and D). Further, starch content was
analyzed in siliques, including seeds and pericarp cells
of oeWHY2, why2, and the wild type using Lugol’s
iodine, which stained starch blue/black (Fig. 2E).
Starch was barely detectable in why2 pericarp cells,
whereas a dramatically stronger blue signal was ob-
served in the oeWHY2 pericarp cells, relative to the wild
type, indicative of reduced delivery of Suc to the seeds
of oeWHY2 siliques (Fig. 2E). Consistent with the optical
analysis of the starch staining, enzymatic quantitation
of starch showed that the pericarp cells of oeWHY2 si-
liques accumulated up to three times more starch,
compared to the wild type. However, the seeds of
oeWHY2 accumulated up to five times less starch rela-
tive to the wild type (Fig. 2, F and G). The accumulation
of starch in the pericarp cells implicated a block in sugar
release from the pericarp cells as a key step in embryo
development and seed filling. Therefore, the abnormal
development of silique caused by overexpressing
WHY2 may be related to the disturbance of starch
output from chloroplasts of maternal tissue pericarp
cells or leaf cells.

WHY2 Alters the Expression Level of Starch Metabolism
and Senescence-Related Genes

Based on the above visible phenotype, we screened
the gene expression level of a total of 81 genes, in-
cluding genes related to starch metabolism, sugar
transport, energy metabolism, silique development,
and senescence (Supplemental Table S1). The gene ex-
pression levels of most of the genes, such as meiotic re-
combination 11 (MRE11), phytosphingosine (PHS), alpha
amylase 3 (AMY3), and genes related to starch granule
initiation or starch degradation and synthesis, and
stress, were not altered in response to varying levels of
WHY2 (Supplemental Fig. S4). The gene expression
profiles of senescence associated gene 29 (SAG29), jasmonic
acid carboxyl methyltransferase (JMT), RecA homologs
(RAD50, RAD51), and RNA binding factor genes, as well

as NADH dehydrogenase subunit 1 (NAD1) and cyto-
chrome c biogenesis 382 (ccb382), were significantly up-
regulated in the oeWHY2 line and down-regulated
in the why2 line, compared to the wild type, but the

Figure 1. Phenotyping of overexpressing WHY2 (oeWHY2), WHY2
knockout (why2), and complemented WHY2 (comWHY2) lines. A,
Scheme of oeWHY2,why2, and comWHY2 constructs. B, Observation of
rosette leaf senescence of the oeWHY2, why2, comWHY2, and wild type
(WT) lines. C, Senescence leaf ratio in the oeWHY2, why2, comWHY2,
and wild-type lines. D, Chlorophyll content in the oeWHY2, why2, com-
WHY2, and wild-type lines. E, Observation of silique development and
seed size in the oeWHY2,why2, comWHY2, andwild-type lines; seed size
represents the length of five seeds, withwhy2 lines.2 mm, and wild type
and oeWHY2 line#2 mm. F, Calculation of rosette size (diameter), silique
size (width and length), and seed weight (weight per 100 seeds) in the
oeWHY2, why2, comWHY2, and wild-type lines. Error bars represent
the SD of triplicates. Asterisks denote statistically significant differences from
the wild type, calculated using Student’s t test: *P , 0.05; **P , 0.01.
Orange colum indicates increasing; blue column indicates decreasing.
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ATPase subunit 9 (ATP9) gene was up-regulated, and
the MYB34 gene was down-regulated in both over-
expression and knockout lines (Supplemental Fig. S4).
In contrast, the gene expression of pollen-specific aqua-
porin NIP4, Tyr aminotransferase 3 (TAT3), MYB113,
jasmonate-associated (JAS), His kinase 3 (AHK3), and
Suc transporters SWEET11 and SWEET12 was down-
regulated in the oeWHY2 and up-regulated in the
why2 lines (Fig. 3). Interestingly, NAD1, ccb382, and
ATP9 are encoded by the mitochondrial genome,
whereas the others, such as JMT, RAD50, RAD51,
SAG29, and SWEET11 proteins, are encoded by the
nuclear genome. It has previously been reported that
NAD1, ccb382, and ATP9 function in the respiratory

electron transport chain (complex I) and are also in-
volved in silique development (Leu et al., 2016). The
nuclear genes listed above are mostly related to Suc
transport and leaf senescence (Supplemental Table S2;
Zabaleta et al., 1996; Chen et al., 2012, 2015). These re-
sults suggest that WHY2 has dual functions in the mi-
tochondria and the nucleus.

WHY2 Is Triply Localized Among Mitochondria, Plastids,
and the Nucleus during Plant Development

Until now, there was no direct evidence that WHY2
is localized in the nucleus or plastids. Because over-
expressing WHY2 altered the expression of many mi-
tochondrial and nuclear genes, we investigated the
subcellular localization of WHY2. The WHY2 protein
sequence was analyzed by a signal peptide analysis
program (http://www.signalpeptide.de/). The pri-
mary structure ofWHY2 is shown in Figure 4A. There is
a putative plastid transit peptide and a putative mito-
chondrial transit peptide in the N-terminal portion of
the WHY2 protein, indicating it may be localized in
mitochondria and/or plastids (Fig. 4A). To clarify its
localization, we produced a series of WHY2 constructs
fused to GFP and transformed them into protoplasts by
a transient assay or into onion epidermal cells by biol-
istic transformation. Mitochondrial cyclooxygenase
(COX) protein, nuclear histone (H2B) protein, and
chloroplast-localized WHY1 GFP fusions were used as
subcellular localization positive controls (Fig. 4B). The
results of the protoplast transit assay showed that the
full-length WHY2 (P6) was localized in the mitochon-
dria, which surprisingly revealed many aggregated
particles that were not observed in chloroplasts. The
deletion mutant (P4), lacking both the putative mito-
chondrial transit peptide and the putative plastid
transit peptide, was localized in the nucleus; and the
deletion mutant (P2), missing only the putative mito-
chondrial transit peptide, was localized both in the
nucleus and in plastids (Fig. 4, C and D). We further
collected the transformed protoplasts, then isolated and
immunodetected mitochondrial protein, nuclear pro-
tein, and plastid protein in P6, P4, and P2 transformants
using an antibody against GFP. The GFP signals
appeared in the mitochondria fraction of P6 trans-
formants, in the plastid fraction of P4 transformants,
and in the nuclear fraction of P2 transformants. This
result confirmed the imaging results (Fig. 4E).
We subsequently used a cytochemistry assay to de-

tect the cellular compartmental distribution of WHY2
protein. The proteins isolated from mitochondria,
plastids, and nucleus of wild-type plants during de-
velopment were subjected to immunoblot analysis us-
ing an antibody against a WHY2 peptide. Antibodies
against histone 3 (H3), voltage-dependent anion chan-
nel 1 (VDAC1), and a PSII peptidewere used as controls
to assess the purity of nuclear, mitochondrial, and
plastid protein preparations, respectively. Silver stain-
ing was used for loading control. The results showed

Figure 2. Cytological and histochemical analysis of siliques of
oeWHY2, why2, and wild-type (WT) plants. A, Representative images
of developing embryo in the seeds (7-week-old plant) are shown above
the panels. Scale bars5 50 mm (as shown in the top left). B, Calculation
of the embryo size in the silique of oeWHY2, why2, and wild-type
plants. Twenty embryos per line were used. C, Observation of chloro-
plast ultrastructure. The red arrows indicate the starch granules. Scale
bars 5 250 nm. D, Calculation of the starch granules in the pericarp
cells of oeWHY2, why2, and wild-type plants. Ten cells/silique and 5
chloroplasts/cell were used. Error bars represent the SD of triplicates. E,
Starch staining of siliques including pericarp and seed in 9-week-old
oeWHY2, why2, and wild-type plants. The red arrows indicate the
seeds. Scale bars510 mm. The siliques were separated to pericarp and
seed to digitally extract for comparison. F and G, Starch content of si-
liques including pericarp (F) and seed (G) in 9-week-old oeWHY2,
why2, and wild-type plants. Three plants, three siliques/plant, and 30
seeds/silique were used. Error bars represent the SD of triplicate reac-
tions. Asterisks denote statistically significant differences from the wild
type, calculated using Student’s t test: *P , 0.05; **P , 0.01; and
***P , 0.001.
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that WHY2 protein increasingly accumulated in the
nucleus, compared to the loading control and positive
control protein, over the course of development from
young (4 weeks) to old (8 weeks) plants (Fig. 5A), as
indicated by the decrease in chlorophyll content and
fluorescence activity (Fv/Fm) of PSII (Fig. 5B). In con-
trast, WHY2 protein was relatively stable in mito-
chondria during plant aging (Fig. 5C), whereas WHY2
protein in plastids was lower at week 4, increased at
week 6, and slightly declined again at week 8, when
normalized to the loading control. Therefore, WHY2 is
localized in all three cellular compartments, and its lo-
cation and distribution among cellular compartments is
developmentally dependent.

WHY2 Directly Activates NAD1 and ccb382 Gene
Expression in the Mitochondrial Genome

It is well documented that WHIRLY1 binds to the
elicitor response element (ERE) and AT-rich region
(.AAAT.AAAT) repeat motifs and the telomere re-
peat of downstream gene promoters (Desveaux et al.,
2002; Yoo et al., 2007; Miao et al., 2013). Because
WHIRLY proteins share the same ssDNA binding do-
main, it is possible that WHY2 binds directly to similar
fragments. To address this possibility, we first screened
for these sequence motifs in the whole mitochondrial
genome. Interestingly, there are several telomere re-
peats existing in the upstream regions of NAD1 and
ccb382 (Fig. 6A). We chemically synthesized the DNA
fragments of upstream regions including four repeat
telomere sequences as probes for coding chain (4xTel-
cs), noncoding chain (4xTel-ncs), and RNA chain
(43Tel-RNA; Fig. 6B). The recombinant proteins were
expressed in E. coli and detected by Western blot with
an antibody against a WHY2 peptide. Electrophoretic
mobility shift assay (EMSA) was used to detect the
binding affinity ofWHY2 to upstream regions ofNAD1

and ccb382 genes. The probes were labeled with 32P and
incubated with WHY2. The unlabeled fragment was
used as a competitive probe. As more competitive
probe was added, the binding signal became weaker
(Fig. 6C). These results indicated that WHY2 protein
bound to 4xTel-ncs and 4xTel-RNA fragments of the
upstream regions of the NAD1 and ccb382 genes of the
mitochondrial genome in vitro, but the 4xTel-cs did not
show good competition and had weaker binding. A
similar result was obtained for WHY1 binding to
telomere-ncs (Yoo et al., 2007), and to noncoding
stranded DNA chain of the WRKY53 promoter in the
nucleus (Miao et al., 2013).

Furthermore, we confirmed a direct interaction of
WHY2 with the upstream regions of the NAD1 and
ccb382 genes using yeast one-hybrid system. The up-
stream fragments of NAD1, ccb382, and ATP9 were
cloned into the pHIS2 reporter vector, and WHY2 CDS
was subcloned into the pGADT7 vector under the con-
trol of a T7 promoter. The two plasmids were then
cotransformed into the yeast strain AH109, incubated
on SD-trp-leu-his medium plus 50 mM 3-amino-1,2,4-
triazole. In the presence of the plasmid encoding
WHY2-BD, both PNAD1:HIS2 and Pccb382:HIS2 were
activated, as indicated by colony growth on selective
medium (Fig. 6D). In contrast, no growth was observed
with PATP9:HIS2 (Fig. 6D).

The binding of WHY2 to the upstream regions of
NAD1, ccb382, and ATP9 was examined using the
transient dual-luciferase assay system in Nicotiana ben-
thamiana leaves (Hellens et al., 2005). The promoter se-
quences of NAD1, ccb382, and ATP9 were cloned into
dual-luciferase vectors. The WHY2 coding sequence,
fused to FLAG-tag and under the control of the Ara-
bidopsis ACTIN1 promoter (ACTIN:WHY2-HA), was
coinfiltrated with reporter vector containing the above
putative promoter sequence of the tested genes fused to
the luciferase (LUC) and rennilase (REN) reporter
(Hellens et al., 2005). We then measured the LUC and

Figure 3. The expression profile of se-
lect genes in the rosette leaf of oeWHY2,
why2, and wild-type (WT) plants. A,
heatmap showing the changes in expres-
sion of select genes (see Supplemental
Fig. S4) in oeWHY2, why2, and wild
type by RT-qPCR analysis. B, Confirma-
tion of the expression of select genes
in the two oeWHY2, two why2, and
two comWHY2 lines, compared with
wild type by RT-qPCR analysis. Error
bars represent the SD of three biological
replicates.
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Figure 4. Detection of WHY2
triple localization. A, Schematic
of a series of WHY2 deletion
constructs. P2: WHY2 with de-
leted mitochondrion transit pep-
tide fused to GFP. P4: WHY2 with
deleted plastid and mitochondrial
transit peptide fused to GFP. P6:
full-length WHY2 fused to GFP.
Scale bars 5 50 mm. B, Positive
control plasmids (COX-GFP, H2B-
GFP, WHY1-GFP) expressed in
onion epidermal cells by gene gun
biolistic assay. C, Observation of
P2, P4, and P6 subcellular locali-
zation in onion epidermal cells by
gene gun biolistic assay. BF, bright
field; Fluo, Fluorescence; DAPI,
49,6-diamino-phenylindole stain-
ing the nucleus; scale bars 5 50
mm.D,Observation of P2, P4, and
P6 subcellular localization in
Arabidopsis mesophyll cells by
protoplast transit assay. The plas-
mids of COX-GFP, H2B-GFP, and
WHY1-GFP were used as positive
controls. Scale bars 5 20 mm. E,
Western blot detection of WHY2
expression in the mitochondria
(Mito) fractions isolated from P6,
nuclear fraction isolated from P4,
and chloroplast (Chl) fraction iso-
lated from P2 using an antibody
against GFP. Anti-PSII was used as
a chloroplast protein control, anti-
H3 as a nuclear protein control,
and anti-COXII as amitochondrial
protein control. Silver staining of
the protein gel was used to indi-
cate loading.
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REN luminescence ratio (LUC/REN ratio) in infiltrated
leaves. To assess any basal activation or repression of
putative promoters, a mini-GAL4 promoter vector was
used in each coinfiltration experiment as a control;
ATP9 promoter was used as a negative control. The
results showed high LUC/REN ratio with the pro-
moters of NAD1 and ccb382 in the presence of WHY2
(Fig. 6E). Therefore,WHY2 directly activatesNAD1 and
ccb382 expression. Surprisingly, NAD1 protein sub-
stantially accumulated in the why2 plants, whereas
ccb382 protein maintained the same level or slightly
increased in the why2 plants (Fig. 6F). Additionally,
NAD1 dramatically declined upon overexpression of
WHY2 in the why2 background (oeWHY2/why2), as
assessed by immunodetection (Fig. 6F). We hypothe-
size that NAD1 and ccb382 protein levels were affected
by WHY2 at the posttranscriptional level.

Taken together, our results show that WHY2 func-
tions as a DNA/RNA-binding protein to activate
NAD1 and ccb382 gene transcription. However, WHY2
suppresses NAD1 and ccb382 protein accumulation in
the mitochondrion.

Nuclear WHY2 Directly Binds to the Promoter Region of
JMT, SAG29, and SWEET11 Genes and Alters Their
Expression Level and Carbon Allocation

As shown above, WHY2 is also localized in the nu-
cleus. As WHY2 is an ssDNA-binding protein in
the nucleus, it is possible that WHY2 directly binds to
the promoter region of the downstream genes. To

investigate this possibility, promoter analysis was done
for several selected genes: JMT, MYB113, SWEET11,
SWEET12, and SAG29 (SWEET15), by using the Plant-
CARE program (Lescot et al., 2002). Only the promoters
of JMT, MYB113, SAG29, SWEET12, and SWEET11
contain ERE and AT-rich motifs. A chromatin immu-
noprecipitation quantitative PCR (ChIP-qPCR) assay
was performed to test whetherWHY2 directly bind to a
fragment of its downstream genes JMT, MYB113,
SWEET11, SWEET12, and SAG29 promoters (Fig. 7A).
The ChIP-qPCR results showed that the binding signal
of the fragment was considerably enriched in the anti-
WHY2 peptide ChIP samples of the oeWHY2 plants,
compared with the samples of the why2 line or wild
type (Fig. 7B). A strong binding signal of JMT, SAG29,
and SWEET11 was detected in the samples from the
oeWHY2 line, and a modest signal was detected in the
wild type samples (Fig. 7C). These results suggested
that WHY2 could directly bind to these regions of JMT,
SAG29, and SWEET11, but notMYB113 and SWEET12.
The promoter region of tubulin beta chain 2 (TUB2;2246
to 2362 bp), which was used as negative control, was
not enriched in the ChIP samples (Fig. 7D).

Similarly, the binding activity of WHY2 to the up-
stream region of JMT, SAG29, SWEET12, and SWEET11
was examined by a transient dual-luciferase assay
system in Nicotiana benthamiana leaves. The promoter
sequences of JMT, SAG29, SWEET12, and SWEET11
were cloned into a dual-luciferase vector; the promoter
of WRKY53 was used as a control. The plasmid en-
coding ACTIN:WHY2-FLAG was coinfiltrated with
the reporter vector containing the putative promoter

Figure 5. Detection of WHY2 triple localization
during plant aging. A, Indication of three stages
of wild-type (WT) plant development [4, 6, and
8 weeks (W)] by visible rosette leaf senescence. B,
Indication of three stages of wild-type plant de-
velopment (4, 6, and 8 weeks) and photosystem II
fluorescence efficiency (Fv/Fm) and chlorophyll
content. Error bars represent the SD of six biological
replicates. C, WHY2 protein distribution among
mitochondrion, chloroplast (Chl), and nucleus
by immunodetection. Anti-PSII was used as a chlo-
roplast protein control, anti-H3 as a nuclear protein
control, and anti-VDAC1 (voltage-dependent anion
channel 1) as a mitochondrial protein control.
Silver staining of the protein gel was used to in-
dicate loading.
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sequences of the above tested genes fused to the LUC
reporter. A LUC/REN ratio of 350 was detected in
infiltrated leaves with the SAG29 promoter in the
presence of WHY2; however, a 20-fold drop in LUC/
REN ratio was detected with the SWEET11 promoter in
the presence of WHY2 (Fig. 7D). Surprisingly, a 1000-
fold increase was observed with the JMT promoter,
whereas no change was observed with SWEET12 and
WRKY53. These results suggest that WHY2 directly
binds to the promoter regions of JMT, SAG29, and
SWEET11, and activates JMT and SAG29 gene expres-
sion, whereas repressing SWEET11 gene expression,
consistent with the gene expression profile detected by
RT-qPCR (Fig. 3).

SAG29 was first identified as a jasmonic acid (JA)–
mediated senescence marker gene, highly expressed in
senescent leaves (Seo et al., 2001; Qi et al., 2015). It is a
membrane protein that is able to transport Suc, which
led to it later being renamed SWEET15. SWEETs were
prime candidates to play roles in sugar secretion from
maternal tissues (leaf, pericarp, seed coat) during seed
development (Chen et al., 2015). Because WHY2 acti-
vated SAG29 (SWEET15) gene expression and re-
pressed SWEET11 gene expression, WHY2 should
affect Suc transport from chloroplast of leaf and peri-
carp to other compartments or tissues. To test this, we
measured the starch accumulation and sugar (Suc and
Glc) content of leaf, pericarp, and seed of 7-week-old

Figure 6. WHY2 binds to the upstream region ofNAD1 and ccb382 of the mitochondrial genome and promotes their expression.
A, Diagram of the upstream regions ofNAD1 and ccb382 genes. B, The sequences of the upstream regions ofNAD1 and ccb382
genes. tel-cs, coding strand; tel-ncs, noncoding strand; tel-RNA, RNA sequence. C, EMSA. The tel-cs, tel-ncs, and tel-RNA fragments
were used as the probe (labeledwith biotin). Twentyfold excess competitor probe (without biotin)was added as a specificity control. The
recombinant WHY2, expressed and isolated from E. coli, used in the reaction was detected byWestern blot with anti-WHY2. D, Yeast
one-hybrid assay results. The pNAD1, pccb382, and pATP9 fragments were inserted into the pHIS2 expression vector. The various
dilutions of colonies on the selective medium showed the activation of expression by WHY2 of the HIS reporter gene driven by the
indicated fragments in yeast. EV1, the plasmid GAD-WHY2 with the empty pHIS2; EV2, the empty plasmid GAD with promoter
fragment fused HIS2 plasmid; they were cotransformed into the yeast strain AH109 as negative controls: P, positive, N, negative. E,
Luciferase (LUC)/Renilase (REN) dual activation assay. Agrobacterium cells containing the vectors expressing WHY2-FLAG (ACTIN:-
WHY2-FLAG) and the Agrobacterium cells containing the vectors expressing fragments: LUC-REN were coinjected into Nicotiana
benthamiana leaves.ATP9promoterwas used as a negative control. ShownaremeanandSEof six biological replicates. Asterisks denote
statistically significant differences from the empty vector, calculated using Student’s t test: *P, 0.05; **P, 0.01; and ***P, 0.001. F,
Western blot detection of NAD1 and ccB382 protein levels in the oeWHY2 and why2 lines. COXII was used as a loading control.
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oeWHY2, why2, and wild-type plants. Interestingly, the
starch content and sugar content were significantly in-
creased in the pericarp cells of siliques but decreased in
the seeds of the oeWHY2 line. In contrast, the starch
content and sugar (Suc and Glc) content declined five-
fold in the pericarp cells of the why2 line. Although
the starch content significantly increased in the seeds
of the why2 plants, the sugar content was not changed
in the seeds of the why2 line, compared with the wild
type. The starch accumulation and sugar content in stems
did not change significantly in response to varying levels
of WHY2. However, the content of starch and sugar in
leaves decreased significantly in the oeWHY2 plants, and
increased in the why2 plants (Fig. 7E). Therefore, it seems
thatWHY2 affects Suc transport from leaf to pericarp cells

via SWEET15 and from pericarp cells to seeds via
SWEET11.

WHY2 Levels Affect JMT and SAG29 Levels and Starch
Content in the Seedling in Response to JA

In addition to SAG29 and SWEET11, WHY2 could
activate JMT expression and repress JAS and TAT3 gene
expression (Fig. 3). Therefore, WHY2 may be involved
in the JA responsive signal pathway. To test this pos-
sibility, we treated 4-week-old oeWHY2, why2, and
wild-type seedlings with 100 mM MeJA for 1, 2, 3, and
4 h (Supplemental Fig. S5), and observed the senescence
phenotype of seedlings and the starch content of leaves

Figure 7. WHY2 binds to upstream regions of JMT, SAG29, and SWEET11 and alters their expression. A, Diagram of the pro-
moters of JMT, SAG29, SWEET11, and SWEET12 genes. B, Western blot detection of WHY2 protein in the rosette of 7-week-old
oeWHY2, why2, and wild-type (WT) plants. C, Chromatin immunoprecipitation (ChIP) assay in rosette leaves of 7-week-old
Arabidopsis oeWHY2, why2, and wild-type plants. Antibody against WHY2 peptide was used. TUB2 was used as a negative
control. The fold enrichment of ChIP is relative to input. Data represent mean6 SD of five biological replicates. Asterisks denote
statistically significant differences from the enrichment of TUB2, calculated using Student’s t test: (*P, 0.05; **P, 0.01, ***P,
0.001). D, LUC/REN dual activation assay, as above. Agrobacterium cells containing the vectors expressing WHY2-FLAG
(ACTIN:WHY2-FLAG) or vectors expressing candidate promoter fragments plusGAL4: LUC-RENwere coinjected intoNicotiana
benthamiana leaves. TheWRKY53 promoter was used as a negative control. E, Suc, Glc, and starch content in the leaf, pericarp,
and seeds of 7-week-old oeWHY2,why2, andwild-type plants. Shown aremean6 SE of six biological replicates. Asterisks denote
statistically significant differences from the empty vector or wild type calculated using Student’s t test: *P, 0.05; **P, 0.01; and
***P , 0.001.
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(in the fifth, sixth, and seventh leaves). Iodine staining of
seedlings showed that a blue signalwas enhanced inwhy2
seedlings and declined in oeWHY2 seedlings, compared
with wild type, after MeJA treatment for 4 h, demon-
strating an accelerated early senescence phenotype
(Fig. 8A). Starch content and chlorophyll content declined
significantly in the leaves of the oeWHY2 line in response
toMeJA (Fig. 8B). Surprisingly, the gene expression levels
of WHY2, JMT, and SWEET15 were largely increased in
the oeWHY2 and wild-type plants, but that of SWEET11
was significantly decreased after MeJA treatment
(Fig. 8C). This result suggests that WHY2 accelerates
Suc transport out of leaves, but inhibits Suc transport
from pericarp cells to seeds in response to MeJA. Thus,
sugar starvation might cause early leaf senescence and
at the same time delay (embryo) seed development.

DISCUSSION

Effective degradation and remobilization of macro-
molecules is important for senescence and successful

reproduction (Gepstein et al., 2003). In this study, we
found that WHY2, a protein triple-localized among
mitochondrion, plastids, and the nucleus, has altered
localization during plant aging. It works as a DNA/
RNA binding protein both in mitochondria and in the
nucleus, controlling NAD1/ccb382 and SWEET11/
SWEET15 levels, respectively. Overexpressing WHY2
enhanced starch accumulation in chloroplasts of peri-
carp cells, leading to withered, yellowed, and prema-
ture senescence phenotypes of leaves and siliques.
One of the WHIRLY family proteins, WHIRLY1, has

dual locations and functions (Krause et al., 2005;
Grabowski et al., 2008; Ren et al., 2017b). It has been
reported, using an in vitro import assay, that theWHY2
protein could be imported into mitochondria and
plastids (Krause et al., 2005). This study further
addresses the subcellular localization of WHY2, and
shows that it is localized in three compartments (mi-
tochondria, plastids, and the nucleus) during plant
aging (Fig. 5), with nuclear localization mainly in se-
nescent leaf cells. In mitochondria, WHY2 could di-
rectly bind to the 43 telomere repeat DNA/RNA

Figure 8. WHY2 alters carbon reallo-
cation and leaf senescence in response
to methyl jasmonate. A, Photograph
of 4-week-old seedlings and iodine-
stained rosettes of the oeWHY2, why2,
comWHY2, and wild-type (WT) seed-
lings after methyl jasmonate (MeJA)
treatment for 4 h. The degree of blue
staining of the leaves (leaf 5, 6, 7) re-
flects the accumulation of starch. B,
Determination of chlorophyll and starch
content. The results were repeated in
three independent experiments. Shown
are the mean 6 SD of three biological
replicates. Asterisks denote statistically
significant differences from the wild
type calculated using Student’s t test:
**P , 0.01. C, The expression levels of
jasmonic acid-responsive genes and
SWEET 11, 12, 15 genes in response to
MeJA by RT-qPCR analysis. Shown are
the mean 6 SD of three biological repli-
cates. Asterisks denote statistically sig-
nificant differences from the wild type,
calculated using Student’s t test: **P ,
0.01 and ***P, 0.001.
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fragments of the upstream regions of NAD1 and ccb382
genes, and activate NAD1 and ccb382 gene transcrip-
tion, but suppress NAD1 protein accumulation (Fig. 6).
NAD1 is known to be a critical component of mito-
chondrial respiration complex I, with mutants dem-
onstrating retarded plant growth and defects in
postembryonic development and/or seed germina-
tion during plant development (Leu et al., 2016; Sun
et al., 2018). In particular, R300W and P313S muta-
tions in the mitochondrial NAD1 protein (Ren et al.,
2017a) caused reduced levels of the mitochondrial
protein complex I (Solotoff et al., 2015). A failure in
nad1 intron splicing exhibited a severe reduction
in complex I assembly and activity, mitochondrial
structural disturbances, and an increase in alternative
oxidase AOX2 and AOX3 levels in maize (Keren et al.,
2012; Ren et al., 2017a; Sloan et al., 2018). Cytochrome
c biogenesis 382 (ccb382) is also involved in the mi-
tochondrial energy redox pathway (Welchen et al.,
2012; Liang et al., 2015). ATP9 is related to splicing
and editing of intron RNA (Forner et al., 2007), and
overexpressing an unedited form of ATP9 (u-atp9)
can induce male sterility in Arabidopsis (Gómez-
Casati et al., 2002). ATP9 is a core component of the
F0 moiety of the mitochondrial ATP synthase, with a
major role in mitochondrial function (Naumenko
et al., 2017). ATP9 mRNA interference using a
tRNA mimic strategy altered the carbon metabolism
pathway and chlorophyll metabolism in the chloro-
plast (Busi et al., 2011a; Niazi et al., 2019). This sug-
gests that NAD1, ccb382, and ATP9 are involved in
the mitochondrial respiratory electron transmission
chain. Interestingly, mitochondrial protein com-
plexes I and V were reduced in the oeWHY2 line
(Maréchal et al., 2008). In transgenic plants, with
WHY2 under the control of the pollen vegetative cell-
specific promoter Lat52 (LYWHY2), it was found that
theWHY2 level impacted the ATP/ADP ratio and the
energy allocation of pollen cells during pollen de-
velopment (Cai et al., 2015). On the one hand, binding
of WHY2 in the mitochondrial genome activates
NAD1 and ccb382 gene expression at the transcrip-
tional level, whereas on the other hand this binding
might indirectly alter NAD1-82 and ATP9 RNA
editing or splicing. Although WHY2 is not a direct
RNA editing factor (Maréchal et al., 2008), WHY2
might interact with another mitochondrial-localized
RNA binding protein (Law et al., 2015). It is hy-
pothesized that mtWHY2 takes part in maintaining
the respiratory electron transport chain by control-
ling NAD1 and ccb382 levels (Kühn et al., 2005).
High mtWHY2 levels may inhibit electron transfer
and cause redox imbalance, possibly as a retrograde
signal linking carbon metabolism in the nucleus and
chloroplast. This hypothesis is supported by the re-
sults of the transcriptome analysis in Arabidopsis
plants with mitochondrial dysfunction, which revealed
important modifications in the expression of some
genes from the carbon metabolic pathways with in-
hibition of glycolysis and the induction of the Malate

Dehydrogenase (MDH) alternative pathways (Busi
et al., 2011b).

Although theWHY2 protein sequence lacks a nuclear
localization peptide signal, we could detect WHY2 in
the nucleus by GFP fusion transformation and protein
immunodetection of organelles. In the nucleus, nWHY2
could directly bind to the upstream ERE plus AAAT-
rich regions of SAG29 and SWEET11 by ChIP-qPCR
(Fig. 6), activate the expression of SAG29, and repress
SWEET11 gene expression (Figs. 6 and 7). SAG29 was
identified as SWEET15, which was used as a JA-
inducible senescence marker because its transcript
level was found to increase 22-fold in leaves during
senescence (Seo et al., 2001; Qi et al., 2015). SWEET15
may function in mobilization of carbohydrates, in-
cluding Gal, Fru, and Glc, during senescence (Seo et al.,
2001; Chen et al., 2010). It was previously suggested
that SWEET15 is unlikely to play amajor role in phloem
loading, and is likely responsible for mediating Suc
efflux from the outer integument into the apoplasm.
SWEET11 is a key player in seed coat Suc efflux.
SWEET11 and SWEET15 are both expressed in leaves
(Chen et al., 2012; Le Hir et al., 2015) and seeds (Chen
et al., 2015). A sweet11/12/15 triple mutant exhibited
retarded embryo development, reduced seed weight

Figure 9. Triple-localized WHY2 protein affects leaf senescence and
silique development via carbon allocation. Model: (1) Overexpressing
WHY2 up-regulation of NAD1 and ccb382, and down-regulation of
NAD1 and ccb382 protein accumulation might lead to the interruption
of mitochondrial (Mit) functional activity. (2) The nWHY2 protein in
the nucleus (Nuc) directly up-regulates the expression of SWEET15
and down-regulates the expression of SWEET11, thus promoting Suc
transport out of the leaf to the pericarp cells of the silique, but pre-
venting transport of Suc derived from photosynthesis out of the chlo-
roplast (Chl; Busi et al., 2011b), leading to an increase in starch granule
numbers in chloroplasts of pericarp cells but a decline in starch content
in the seed. (3) Overexpressing WHY2 in leaf cells enhances JMT and
SWEET15 expression. This enhancement is up-regulated byMeJA and is
consistent with the carbon reallocation in nectary cell and pollen
mother cells, leading to early cell death due to carbon reallocation (Busi
et al., 2011b; Cai et al., 2015). Our results suggest that WHY2 may
mediates mitochondrial dysfunction, affect carbon reallocation, ac-
celerate leaf and silique senescence, and operate on the three different
plant genomes.
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and lipid content, and “wrinkled” seeds (Chen et al.,
2015). The seed coat of sweet11/12/15 mutants accumu-
lated more starch, whereas the embryos had reduced
starch content compared with the wild type (Chen
et al., 2010; Dean et al., 2011; Belmonte et al., 2013;
Chen et al., 2015). However, from our study, WHY2
seemed to affect Suc transport from leaf to pericarp
cells via SWEET15 and from pericarp to seeds via
SWEET11 (Fig. 8). Thus, it appears that high levels
of WHY2 may accelerate Suc transport out of the leaf,
such that sugar starvation causes early senescence in
leaves, whereas the observed seed phenotype is likely
due to a combination of reduced Suc supply from leaves
and reduced import into filial tissues (Chen et al., 2015;
Durand et al., 2016; Gebauer et al., 2017).
WHY2 also altered JMT, JAS, and TAT3 gene ex-

pression (Fig. 3). MeJA treatment enhanced the effects
of overexpressing WHY2: inducing a leaf early senes-
cence phenotype and increasing SAG29 expression, but
repressing SWEET11 gene expression. JMT is a key
enzyme for jasmonate–regulated plant responses (Seo
et al., 2001). In Arabidopsis, the expression of jasmonic
acid O-methyltransferase (JMT), which is responsi-
ble for JA methylation and MeJA formation, was
developmentally regulated, displaying constitutively
up-regulated expression of defense and JA biosynthesis-
related genes (Seo et al., 2001). At the same time, over-
expressing AtJMT in tomato, thus creating a metabolic
sink, had tissue-specific consequences for the JA meta-
bolic network, which was associated with the quick bi-
ochemical activation of specific lipases and oxidizing
enzymes (Stitz et al., 2011). Stitz and coauthors also
reported Gene Ontology (GO) enrichment analysis
of JA-deficient plants highlighted strong transcrip-
tional modulations in floral energy metabolism, and
indicated that JA substantially regulated carbohy-
drate metabolism during floral maturation. In JA
biosynthesis-deficient flowers, they found major al-
terations in limb carbohydrate and energy metabo-
lism, whereby soluble sugars like Fru or combined
Glc/hexoses and the intermediates of the TCA cycle
were particularly affected (Stitz et al., 2014; Qi et al.,
2015). In this study, we found that WHY2 is an up-
stream regulator of both SAG29/SWEET15 and
SWEET11 and is feedback-enhanced in response to
MeJA. This provides evidence for a connection be-
tween JA signaling and Suc transport. This suggests
that the WHY2 function in the nucleus affects JA-
mediated carbohydrate metabolism (Fig. 9).
In addition to its function in mitochondria and the

nucleus, in this study we show that WHY2 is also lo-
calized in plastids, as was previously shown using an
in vitro import assay (Krause et al., 2005). Based on the
characterization of WHY2 primary sequence, there is a
plastid transit peptide following the mitochondria
transit peptide, and it is cleaved at a Cys site according
to the TargetP1.1 prediction program (Supplemental
Fig. S6). From the size of the detected protein, we can
see that WHY2 in chloroplasts is the smallest (;21 kD;
Fig. 5C), which was approximately the same size as

shown in the in vitro import assay (Krause et al., 2005).
We hypothesize that WHY2might be directly imported
from the cytoplasm to the chloroplast or from mito-
chondria to chloroplasts under yet unknown condi-
tions. Although this study further showed that WHY2
affected starch granule numbers in chloroplasts of
pericarp cells (Fig. 2), specific functions of WHY2 in the
chloroplast still remain elusive.

MATERIALS AND METHODS

Plant Material and Growth Conditions

The seeds of Arabidopsis (Arabidopsis thaliana) Columbia and trans-
genic plants were germinated and seedlings were grown on half-strength
Murashige–Skoog (MS) medium supplemented with 0.7% (w/v) agar.
Ten-day-old seedlings were transplanted to the vermiculite, watering with
half-strength MS medium in climate rooms under controlled conditions
(22.5°C, 13/11 h of light/dark photoperiod with a light intensity of 80 mmol
photons m22 s21, 60% relative humidity). The T-DNA insertion mutants
Salk_118900 and Salk_118907 of WHY2 were purchased from the Nottingham
Arabidopsis Stock Center. The homozygous WHY2 T-DNA insertion knockout
mutants were obtained by genome insertion screening with the primers
described in Supplemental Table S1.

Chlorophyll Measurements

The chlorophyll content of leaf 7 was measured according to the method
described previously (Porra et al., 1989). At least 12 individual plants were used
for analysis, and the mean chlorophyll content was calculated.

Plasmid Construction and Plant Transformation

A series of WHY2 CDS constructs including the full-length (714 bp)
mtWHY2, the deleted mitochondrial transit peptide (627 bp) ptWHY2, and the
deleted mitochondrial and plastid transit peptide (576 bp) nWHY2 were am-
plifiedwith primers adding CACC sequence at the 59 end and a FLAG tag at the
39 end (Supplemental Table S1), and cloned in a pENTR-TOPO vector using the
Gateway system (Invitrogen). The sequence of WHY2 was verified by se-
quencing. Then WHY2 was transferred into the destination vector pB2WG7 by
recombination using the Gateway system (Invitrogen). A positive clone of
Agrobacterium tumefaciens GV3101 was obtained and transformed into the
why2-1mutant andwild-type plants. More than 10 positive lines were screened
by 0.1% (v/v) Basta in the T1 generation. The homozygous transgenic WHY2
overexpressing (oeWHY2) plants were obtained in the T3 generation by genetic
ratio test. In the complemented WHY2 transgenic plant, WHY2 was under the
control of the WHY2 promoter, instead of the 35S promoter, and transformed
into the why2-1 background plants. Several homozygous transgenic lines were
confirmed by RT-qPCR (Supplemental Fig. S1).

Northern Blotting

The 10 mg of total RNA was run on a denaturing agarose gel in the presence
of formaldehyde, and then transferred to a membrane. The membrane was
prehybridized and hybridized with probe of the WHY2 CDS labeled with 32P;
then the results were obtained by x-ray film exposure using a Phosphor Imager,
as described previously (Miao and Zentgraf, 2007).

Western Blotting

The procedure of protein isolation and immunodetection was described
previously by Ren et al. (2017b). An antibody against the WHY2 peptide was
prepared by Faan company, the specificity of which is shown in Supplemental
Fig. S2. Antibodies against COXII, NAD1, ccb382, VDAC1, and PSII were
purchased from Agrisera, and antibodies against H3 and ACTIN were pur-
chased from Cell Signaling Technology.
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Phenotype Observation and Documentation

For phenotype observation, thirty siliques of three plants were used. Silique
size (width and length) wasmeasured using ameasuring stick. Seedweightwas
calculated as the weight per 100 seeds. Siliques were opened on a microscope
slide right after collection. Thirty seeds were mounted in water, and gentle
pressure was applied to the coverslip on the seeds to release the embryos. Af-
terward, nondamaged embryos were documented under a Leica stereomicro-
scope. Twenty embryos per line were observed, and the area of embryos were
calculated using a width times length measurement.

Tissue Section and Ultrastructural Observation

The silique of a 7-week-old plant was fixed in 100 mL formaldehyde-acetic
acid [containing 38% (v/v) formaldehyde, glacial acetic acid, and 70% (v/v)
alcohol (0.5: 0.5: 9)] for 12 h, followed by alcohol gradient dehydration, clear-
ing, wax immersion, paraffin embedding, and cutting with a slice thickness
5–8 mm, and organizing the structure. Photographs were taken using a Leica
microscope.

For transmission electronmicroscopy, the fresh fruitwere placed in 2.5% (v/v)
glutaraldehyde for 2 h, then rinsed with 1% (v/v) osmium tetroxide. After 1 h of
fixation, the specimen was rinsed with phosphate buffer and dehydrated with
acetone gradient. After embedding with epoxy resin, the specimen was prepared
by hand and then ultrathin sections were prepared. The ultrathin sections were
incubated with 1% (w/v) uranyl acetate and lead citrate and examined with an
electron microscope (TECNAI G2 20; FEI) at an accelerating voltage of 120 kV.

RT-qPCR Analysis

The total RNA extracted from the siliques and rosette leaves of 7-week-old
oeWHY2, why2, and wild-type plants were treated with DNase I. Then the first
strand of complementary DNA was synthesized by RevertAid First Strand
complementary DNA Synthesis Kit (Thermo Fisher Scientific). RT-qPCR am-
plification and detection of related genes were carried out by the Connect Real-
Time PCR Detection System (Bio-RAD). The Arabidopsis Actin2 or GAPC gene
was used as an internal reference. The average and SD were calculated from the
results of three biological replicates. The primers used in RT-qPCR are listed in
Supplemental Table S1.

EMSA

Total protein was extracted from wild-type, oeWHY2, and why2 plants, as
described previously by Miao et al. (2013). The concentration of total protein
was measured by the Bradford assay.

DNA/RNA fragments of the upstream region of mitochondrial NAD1:
coding region (Tel-CS), noncoding region (Tel-NCS), and transcribed RNA (Tel-
RNA) probes were synthesized in vitro and radioactively labeled according to
the method of Miao et al. (2013). The probe was labeled using 32P-ATP and T4
ligase. TheWHY2 protein and labeled probe were incubated in a 10 mL binding
reaction at room temperature for 30 min and then run on a 4% nondenaturing
polyacrylamide gel. A 20-fold excess of unlabeled probe was used as a
competitor.

ChIP-qPCR

For ChIP-qPCR determination of WHY2-FLAG occupancies on promoter
regions in the downstream target genes, JMT and SWEET11/15, we used
4-week-old rosettes from oeWHY2-1, wild-type, and why2-1 plants. The
cross-linked DNA fragments ranging from 200 to 1000 bp in length were
immunoprecipitated by an antibody against the WHY2 peptide (Faan), whose
specificity is shown in Supplemental Fig. S2. The enrichment of the selected
promoter regions of both genes was determined by comparing the amounts in
the precipitated and nonprecipitated (input) DNA samples, by qPCR using
designed region-specific primers (Supplemental Table S1). The same quantifi-
cation in the why2 mutant line served as a control for the respective over-
expressing line and wild type, and was used for normalization to give the fold
enrichment factors over the mock-treated samples. The experiments were
performed in triplicate.

Dual-Luciferase Activity Assay

Nicotiana benthamiana plants were grown in climate rooms (22°C, 16/8 h of
light/dark, 85mmol photons m-2 s-1 light condition). Plants were grown until
they had four leaves and then infiltrated with Agrobacterium tumefaciens
GV3101. Plants were maintained in the climate rooms and, after 4 to 5 d, 1-cm
discs were collected from the fourth and fifth leaves of each plant. Six biological
replicates with their respective negative controls were used per assay. The ex-
periment was performed as previously described by Hellens et al. (2005) with
minor changes. In the dual luciferase assays, WHY2 was in the 1a1 vectors,
which are based on a pGREENII backbone. For generating the WHY2 over-
expression construct, a 712-bp coding sequence was amplified, subcloned into
pGEM-T Easy (Promega), cut with BamHI and SalI restriction enzymes, and
cloned under the Cauliflower mosaic virus-35S promoter into pFLAP, before re-
striction enzyme digest with PacI and AscI and ligation into the pBIN1 binary
vector.

The Agrobacterium strain was grown overnight in LB and brought to a final
O.D.600 of 0.2 in infiltration buffer. CoinfiltratedAgrobacterium carried separate
plasmids:900mL of an empty cassette or one that containsWHY2CDS driven by
the Arabidopsis ACTIN 2kb promoter, and 100 mL of the reporter cassette
carrying one of the promoters. Leaf discs were homogenized in 300 mL of a
passive lysis buffer. Then 25 mL of a 1/100 dilution of the crude extract were
assayed in 125 mL of Luciferase assay buffer, and LUC and REN chemilumi-
nescence of each sample was measured in separate wells on the same plate.
REN and LUC Unit was measured in a Turner 20/20 luminometer, with a 5-s
delay and 15-s measurement. Raw data were collected and the LUC/REN ratio
was calculated for each sample. Biological samples were pooled together, and a
Student’s t test was performed against a background control for each experi-
ment, as described in “Results.”. The entire experiment was repeated a second
time under similar conditions to confirm the regulatory effect of transcription
factors.

Yeast One-Hybrid Assay

Yeast one-hybrid screening was performed using MATCHMAKER One-
Hybrid Library Construction Kit (Clontech). The full length CDS of WHY2
was cloned into the pGADT7 vector. The promoter region-containing upstream
region fragments (2160 bp) of NAD1, ccb382, and ATP9 were cloned into the
pHIS2 reporter vector. Positive clones were identified by sequencing with AD
sequencing primers. Empty pHIS2 reporter vector plus an appropriate con-
centration (50 mM) of 3-amino-1,2,4-triazole was used to inhibit HIS leakage.

Starch Staining

Whole rosettes of 4-week-old plants were either harvested or covered with
black trays in the late afternoon. In the early afternoon of the next day, rosettes
of covered plants were harvested. Starch staining was performed right after
rosette harvesting. Samples were cleared in 80% (v/v) ethanol plus 5% (v/v)
formic acid at 22°C, stained in KI2 Lugol’s iodine solution (43.4 mMKI/5.7 mM)
and washed twice in water. Starch staining was performed with plants grown
in the presence of MeJA for 1, 2, 3, and 4 h (Supplemental Fig. S5).

Metabolite Content Measurement

Starch content was measured according to the procedures described pre-
viously by Smith and Zeeman (2006), with some changes. Three siliques or
thirty seeds, or three leaves were collected from one 7-week-old plant for one
analysis. Thirty seeds were rapidly dissected from each freshly harvested si-
lique. Three siliques or leaves were collected from each individual plant. In
total, three individual mutant or Col-0 plants were used. The samples were
pooled, homogenized, and transferred to 300 mL of ice-cold 0.7 M perchloric
acid, then centrifuged at 11,000 g for 45 min at 4°C. Pellets were washed once in
1 mL distilled water and twice in 1 mL 80% (v/v) ethanol, then vacuum dried.
Dried pellets were resuspended in 40 mL distilled water by boiling for 6 min
twice. A starch measurement kit (R-Biopharm) was used to quantify starch
content. Briefly, starch was hydrolyzed to D-Glc by amyloglucosidase. D-Glc
was enzymatically assayed in the presence of hexokinase and Glc 6-phosphate
dehydrogenase by determining the amount of NADPH (A340).

Soluble sugars in the leaves and developing siliques were measured on
samples of three leaves and five siliques pooled from five 7-week-old plants,
according to Critchley et al. (2001) and Durand et al. (2018). Previously
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lyophilized tissue sample were washed in methanol:chloroform:water (12:5:3,
by volume). Supernatants containing soluble sugars were pooled and mixed
with 0.6 volume of water and centrifuged. Soluble sugars were quantified using
a Suc/d-Glc Assay Kit (Megazyme).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Identification of WHY2 transgenic plants.

Supplemental Figure S2. Specific detection of antibody against WHY2
peptide.

Supplemental Figure S3. WHY2 expression profile in different tissue/or-
gans according to public datasets from the TAIR Web site (Winter et al.,
2007).

Supplemental Figure S4. Gene expression changes in oeWHY2, why2, and
WT by RT-qPCR.

Supplemental Figure S5. Starch staining in oeWHY2, why2, and WT fol-
lowing treatment of methyl jasmonate or water for 0, 2, 3, and 4 h.

Supplemental Figure S6. Illustration of WHY2 primary sequence analyzed
by the Target1.1 program.

Supplemental Table S1. List of candidate genes for screening in oeWHY2,
why2, and WT plants.

Supplemental Table S2. List of primer sequences for RT-qPCR, ChIP-
qPCR, and subcloning.
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