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Abstract

Fibrillins (FBNs) are the major structural proteins of plastoglobules (PGs) in chloroplasts. PGs are associated with defense
against abiotic and biotic stresses, as well as lipid storage. Although FBN2 is abundant in PGs, its independent function un-
der abiotic stress has not yet been identified. In this study, the targeting of FBN2 to PGs was clearly demonstrated using
an FBN2-YFP fusion protein. FBN2 showed higher expression in green photosynthetic tissues and was upregulated at the
transcriptional level under high-light stress. The photosynthetic capacity of fbn2 knockout mutants generated using
CRISPR/Cas9 technology decreased rapidly compared with that of wild-type (WT) plants under high-light stress. In addition
to the photoprotective function of FBN2, fbn2 mutants had lower levels of plastoquinone-9 and plastochromanol-8. The
fbn2 mutants were highly sensitive to methyl jasmonate (MeJA) and exhibited root growth inhibition and a pale-green
phenotype due to reduced chlorophyll content. Consistently, upon MeJA treatment, the fbn2 mutants showed faster leaf
senescence and more rapid chlorophyll degradation with decreased photosynthetic ability compared with the WT plants.
The results of this study suggest that FBN2 is involved in protection against high-light stress and acts as an inhibitor of
jasmonate-induced senescence in Arabidopsis (Arabidopsis thaliana).

Introduction Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), to-

Fibrillins (FBNs) are lipid-associated proteins found in the
plastids. They play structural roles in sequestering carote-
noids in chromoplasts of fruits and petals, storage of sterol
esters in elaioplasts of tapetum cells, and envelopment of
various prenyl lipids (e.g. tocopherols [Tocs], plastoquinone
[PQ], and phylloquinone) in chloroplasts (Deruere et al,
1994 Ting et al, 1998 Hernandez-Pinzon et al, 1999
Lundquist et al, 2012; Suzuki et al.,, 2013).

The FBN gene family has been found in photosynthetic
organisms, cyanobacteria, and land plants such as

mato (Solanum lycopersicum), cucumber (Cucumis sativus),
and Brassica species (Laizet et al, 2004; Singh and McNellis,
2011; Davidi et al, 2015; Lohscheider and Rio Bartulos,
2016). In Arabidopsis, 11 FBN subfamilies consist of 14 genes
that have been duplicated and altered during evolution
(Laizet et al,, 2004; Singh and McNellis, 2011). The subcellu-
lar compartmentalization of FBN was determined by analyz-
ing the proteomes of Arabidopsis chloroplasts and
isoelectric point (pl)/hydrophobicity analysis of 14 FBNs
(Lundquist et al, 2012). These analyses suggest that FBN1a,
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1b, 2, 4, 7a, 7b, and 8 are localized in PGs, and FBN3a, 3b,
6, and 10 are present only in the thylakoid. Analyses
also suggested that FBNS5, which functions to maintain the
activity of solanesyl diphosphate synthases in the PQ-9
biosynthesis pathway, is present in the stroma (Kim et al.,
2015) whereas others are present between thylakoids and
stroma.

More than half of the FBNs are found in the chloroplast
plastoglobules (PGs), which are connected to the external
lipid leaflet of the thylakoid membrane, showing the po-
tential to exchange lipid metabolites. They include several
proteins and lipids, such as prenylquinones, triacylglycerols
(TAGs), carotenoids, and phytyl esters (Austin et al., 2006).
PGs are dynamically involved in the response to abiotic
and biotic stresses, together with thylakoids, and synthe-
size and transfer PQ, Toc, and TAG (Rottet et al, 2015).
Recently, proteomic analysis of lipid-synthesizing enzymes
and stress-related functional proteins in PGs has been
linked to the developmental process of chloroplasts as
well as to the protective functions of various biotic and
abiotic stresses (Rottet et al, 2015). However, despite FBNs
accounting for 30% of the dry weight of PGs, only a few of
the FBNs have been studied (Ytterberg et al, 2006).
Soybean (Glycine max) FBN1a, 1b, and 7a have been
reported to accumulate under drought and flood stress
conditions (Mutava et al., 2015). The FBN2 and FBN4 levels
increase after bacterial inoculation (Pseudomonas syringae)
(Jones et al,, 2006). FBN4 knockdown in apple (Malus x
domestica) trees decreases the PQ content in PGs, and
these trees are more sensitive to environmental stress
than wild-type (WT) plants (Singh et al, 2010, 2012).
Because FBNs are located in chloroplasts, they seem to be
highly related to light stress. FBN1a and 1b are involved in
protection against high-light stress through ABA-mediated
signaling (Yang et al,, 2006). FBN1a, 1b, and 2 knockdown
in Arabidopsis resulted in delayed shoot growth and a def-
icit in anthocyanin accumulation under high-light condi-
tions (Youssef et al, 2010). These phenotypes were
recovered by jasmonate (JA) treatment, which suggests
that FBN1-2 might induce JA production mediated by PG
accumulation under high-light stress conditions (Youssef
et al, 2010). JA is a phytohormone derived from the lipids
a-linolenic acid (18:3) and hexadecatrienoic acid (16:3)
(Ruan et al, 2019). One of the JA biosynthesis enzymes,
allene oxide synthase (AOS), has been identified in PGs by
proteomic analysis (Vidi et al., 2006; Ytterberg et al., 2006),
suggesting that PG may be related to JA biosynthesis or
JA-mediated responses. However, the mechanism of PG in-
volvement in the JA-mediated mechanism remains un-
known. Additionally, it has been suggested that FBN1a
and 1b may form homodimers or heterodimers during PG
formation (Gamez-Arjona et al,, 2014a), and FBNG6 influen-
ces light acclimation and sulfate metabolism (Lee et al,
2020).

Because the amino acid sequence of FBN2 showed moder-
ate identity to those of FBN1a and FBN1b, these proteins
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are assumed to connect to each other for the same func-
tion (Youssef et al, 2010). However, the FBN2 expression
was slightly different from those of FBN71a and FBN1b in
various plant tissues, and ATTED-II co-expression analysis
(Obayashi et al,, 2018) showed that FBN2 is highly associ-
ated with the genes involved in photoprotection, unlike
FBN1a and FBN1b (Supplemental Table S1). This suggests
that FBN2 may play an important role in PGs.
Nevertheless, few studies have been conducted to delin-
eate the FBN2 functions. In this study, FBN2 was specifi-
cally mutagenized using CRISPR/Cas9 genome editing to
investigate the effects of light stress and JA treatment. The
fbn2 knockout mutants exhibited decreased photosyn-
thetic ability under high-light stress and responded rapidly
to JA-mediated senescence. These results suggest that
FBN2 is involved in photoprotection and delays senes-
cence under environmental stress.

Results

FBN2 is mainly expressed in photosynthetic green
tissues

FBN2 showed 48% and 47% identity with FBN1a and
FBN1b, respectively, at the amino acid level (Supplemental
Figure S1A). In the phylogenetic tree, we determined
whether there was a difference in function between FBN2
belonging to Group 2 and FBN1a and FBN1b belonging to
Group 1 (Supplemental Figure S1B; Singh and McNellis,
2011). To investigate the expression of FBN2 in various tis-
sues, we analyzed its transcriptional levels by quantitative
reverse transcription PCR (RT-qPCR) using FBN2-specific
primers. FBN2 is expressed in various tissues of WT plants,
including the leaves, stems, flowers, roots, and siliques.
FBN2 showed higher expression in leaves than in other tis-
sues (Figure 1TA). To visualize the expression pattern of
FBN2 in tissues, we performed [-glucuronidase (GUS)
staining analysis of FBN2 promoter:GUS transgenic plants.
FBN2 was highly expressed in leaves but not in roots and
developing seeds in the siliques, which are nongreen tis-
sues (Figure 1, B-H). The distinctive characteristic was
that FBN2 expression was not detected in the pollen,
anthers of flowers, and developing seeds (Figure 1, E and
G). In contrast, FBN1a and FBN1b were strongly expressed
in reproductive tissues, anther locules, and pollen
(Supplemental Figure S1C). These results suggest that
FBN2 may play an important role in photosynthetic
tissues.

FBN2 localizes to the PGs in chloroplasts

Using proteomic analyses, FBN family members have been
identified in chloroplast thylakoids, PGs, and stroma
(Ytterberg et al, 2006; Lundquist et al., 2012). FBN2 was re-
portedly located in PGs along with six other FBNs (FBN 1a,
1b, 4, 7a, 7b, and 8) (Ytterberg et al, 2006). To analyze the
subcellular localization of FBN2, we expressed an FBN2-
yellow fluorescent protein (YFP) fusion protein under the
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Figure 1 Expression of FBN2 in Arabidopsis. A, RT-qPCR analysis of
FBN2 gene expression in various tissues of 5-week-old WT (Col-0)
Arabidopsis. Data represent means with SEM from independent sam-
ples (n=3). B-H, GUS staining in transgenic plants of FBN2
promoter:GUS. B, Four-day-old seedling. C, Ten-day-old seedling. D,
Twenty four days of plant growth. E, Floral organs. F, Rosette leaf. G,
Siliques. H, Upper part of stem in the 5-week-old plant. Scale
bar = 1 mm. The GUS staining picture shows the transgenic homozy-
gous T3 generation independent plants. It represents three indepen-
dent individuals showing the same expression pattern.

control of the constitutive cauliflower mosaic virus (CaMV)
35S promoter in Arabidopsis and Nicotiana benthamiana. In
two independent observations, YFP green fluorescence sig-
nals were observed as globular spots over a background of
red chlorophyll auto-fluorescence in the chloroplasts
(Supplemental Figure S2). Similarly, FBN2 fluorescence sig-
nals were observed in N. benthamiana protoplasts tran-
siently expressing FBN2-YFP (Figure 2). We co-transformed
the Toc cyclase (VTE1)-, chlorophyll a/b-binding protein
(Cab)-, and chloroplast outer envelope membrane protein 7
(OEP7)-mCherry constructs with FBN2-YFP to determine
whether FBN2 was localized to the PG in the chloroplast. In
previous reports, VTE1 was identified as a PG-targeted pro-
tein (Vidi et al, 2006; Lee et al, 2020). To observe the dis-
tinct PG localization of FBN2 in chloroplasts, transit
peptides (TPs) of Cab and OEP7 were used to target the
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chloroplast stroma and outer membrane, respectively (Kim
et al, 2013). The FBN2 (green) fluorescence signals were
colocalized with those of VTE1 (red), showing yellow signals
in globular spots (Figure 2). The signals partially overlapped
with the red Cab signals but not with those of OEP7. These
results suggest that FBN2 is localized in PG and maybe an-
other chloroplast sub-compartment, possibly stroma or thy-
lakoid membrane.

Additionally, yeast two-hybrid analysis was performed to
investigate whether FBN2 interacts with other PG-
containing FBNs and proteins. We confirmed that FBN1a
and FBN1b interact with each other, as previously reported
(Gamez-Arjona et al, 2014a), but we could not identify a
potential FBN2 interactor under our study conditions
(Supplemental Figure S3).

Generation of fbn2 knockout mutants by CRISPR/
Cas9 genome editing

Because an Arabidopsis fbn2 T-DNA mutant could not be
obtained from the ABRC stock center, the CRISPR/Cas9 sys-
tem was used to generate fbn2 knockout mutants to study
the function of FBN2 in Arabidopsis. We constructed the
FBN2-CRISPR/Cas9 vector with two single guide RNAs
(sgRNA)s to target a 78-base pair deletion in the first exon
of FBN2 (Figure 3, A and B). Two independent fbn2 mutants
were preliminarily screened by DNA-PCR and confirmed by
DNA sequencing using specific FBN2 primers in the T3 gen-
eration (Figure 3C and Supplemental Table S2). The fbn2
mutants contained one base pair insertion “A” or deletion
“G)” designated as fbn2-1 and fbn2-2, respectively (Figure 3,
B and C). The fbn2-1 and fbn2-2 mutants contained FBN2
with premature stop codons at 165 and 154 aa, respectively
(Figure 3D). To determine whether genome editing affected
the expression of FBN2, FBN2 transcripts were confirmed by
RT-PCR and RT-qPCR analysis (Figure 3, E and F). The
results showed that the transcriptional levels of fbn2
mutants were remarkably lower than that of the WT plants
(Figure 3, E and F). The expression levels of FBN1a and
FBN1b in the fbn2 mutants were the same as those in the
WT (Figure 3F). The FBN2-specific mutation was successfully
induced and the mutants did not express the normal FBN2
transcript.

The fbn2 mutants showed decreased photosynthetic
capacity under high-light stress conditions

FBNs are involved both in lipoprotein structure formation in
plastids as well as photosynthesis during plant development,
thus providing tolerance to photooxidative stress and resis-
tance to biotic stress (Singh and McNellis, 2011). The func-
tion of FBN2, together with FBN1a and FBN1b, is likely
involved in protection against abiotic stress conditions such
as high light, drought, and flooding (Youssef et al, 2010;
Mutava et al, 2015). However, the independent function of
FBN2 in conferring tolerance to high-light stress is unknown.
Here, we studied the FBN2 function in photosynthesis under
high-light stress conditions. The transcriptional levels of
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Figure 2 Subcellular localization of FBN2. The 35S:FBN2-YFP construct was transiently expressed in N. benthamiana. VTE1, Cab, and OEP7 fused
with mCherry were co-transformed with FBN2 to visualize the PGs, stroma, and outer envelope membrane markers. Protoplasts were isolated
from N. benthamiana leaves. YFP and mCherry fluorescence are indicated in green and red, respectively. Scale bar = 20 pm.

FBN2 increased by over two-fold after 12 and 24 h of high-
light stress in the WT (Figure 4A). This result shows that
FBN2 was induced under high-light stress. To determine the
photosynthetic phenotype of the fbn2 mutants under
high-light stress, photosynthetic capacity was measured in
terms of the maximum potential efficiency of photosystem
Il (PSI) photochemistry for 24h under high-light/cold
stress. In the WT plants, photosynthetic capacity was
moderately reduced to 0.67 at 12 h, whereas in fbn2-1 and
fbn2-2 mutants, it decreased rapidly to 0.5 (Figure 4B). The
WT value remained at 0.67 until 24 h, but in fbn2-1 and
fbn2-2, it remained near 0.5. Also, the fbn2-1 mutant, com-
plemented by 35S:FBN2 full-length cDNA, recovered ~88%
of photosynthetic capacity compared with the WT at 24 h
(Supplemental Figure S4).

To analyze the differences among the photosynthetic
contributions of FBN2, FBN1a, and FBN1b under high-light
stress, fbn1a and fbnib T-DNA-inserted single mutants
were selected (Supplemental Figure S5, A and B). Double
mutants were produced by crossing fbnla and fbnib
(Supplemental Figure S5C). Finally, an fbn1a fbn1b fbn2 tri-
ple mutant was produced by fbn2 knockout in the fbnia
fbn1b double mutant using CRISPR-Cas9 (Supplemental
Figure S5D). The photosynthetic capacities of these five
mutants were compared under high-light/cold stress at
24 h (Supplemental Figure S5E). The Fv/Fm value of fbnia
was 0.65, which did not differ significantly from the 0.68 of
WT, but fbn1b was significantly reduced to 0.5. The fbnia
fon1b double mutant was further reduced to 0.45.
Interestingly, fon2-1 exhibited a lower value, 0.39, than the
fbnla fbn1b double mutant. The photosynthetic capacity

of the fbnia fbn1b fbn2 triple mutant was reduced to 0.31.
This suggests that FBN2 plays a major role in photoprotec-
tion under high-light stress.

The fbn2 mutants have reduced PQ-9 and PC-8
levels

The prenyl lipids in chloroplast PGs are composed of PQ-9,
plastochromanol-8 (PC-8), and Toc, which are known anti-
oxidants that inhibit oxidative damage to thylakoid mem-
branes caused by reactive oxygen species (ROS) that
accumulate under high-light stress in plants (Gruszka et al.,
2008; Zbierzak et al, 2010). These lipids can also be ex-
changed between the PGs and thylakoid membranes. To in-
vestigate whether the photoinhibition of the fbn2 mutant
under high light was related to prenyl lipid accumulation in
PGs, we measured the prenyl lipid content in the WT and
fbn2 mutants using high-performance liquid chromatogra-
phy (HPLC) analysis. Under normal light conditions, the PQ-
9 content in the fbn2 mutants was not significantly different
from that in the WT (Figure 4C), but the content of PC-8, a
metabolite of PQ-9, was significantly reduced compared
with that in WT plants (Figure 4D). The contents of PQ-9
and PC-8 in the fbn2 mutants were reduced more than
those in the WT plants under high-light conditions
(Figure 4, C and D). The y-Toc and a-Toc contents of the
WT and fbn2 mutants showed statistically insignificant dif-
ferences under normal light conditions (Figure 4, E and F).
The y-Toc and a-Toc contents increased with the duration
of high-light stress in the WT plants, but lower levels were
observed in the fbn2 mutants than in the WT plants under
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Figure 3 Generation of fbn2 knockout mutants. A, CRISPR-Cas9 vector containing two guide RNA sequences for FBN2 knockout. B, Two indepen-
dent mutated nucleotide sequences obtained by genome editing. C, Edited nucleotide sequences are compared with those of the WT using chro-
matograms from sequencing. D, Predicted fbn2-1 and fbn2-2 proteins. The fbn2-1 and fbn2-2 proteins show premature stop codons. Arrows with F
and R indicate the location of the RT-qPCR primers for detecting the FBN2 transcription. E, FBN2 transcript analysis by RT-PCR in WT, fbn2-1, and
fbn2-2. F, Comparison of the expression of FBN1a, 1b, and 2 in the WT, fbn2-1, and fbn2-2 mutants. Data represent means with SEM from indepen-
dent samples (n = 3). Statistically significant differences from the WT are indicated by one-way analysis of variance (ANOVA) with Tukey’s post
hoc test (***P < 0.001). NOSp, nopaline synthase promoter; NPTII, kanamycin resistance gene; Ubi p, Ubiquitin promoter; U6p, U6 promoter; L3E,

end linker 3; PAM, protospacer adjacent motif; TP, transit peptide.

high-light conditions (Figure 4, E and F). These results sug-
gest that FBN2 mutations can affect the accumulations of
PQ-9, PC-8, and Toc, which have antioxidant functions that
protect the thylakoid membrane from high-light damage.

The fbn2 mutants can accumulate anthocyanin
similar to the WT

Under high-light stress, one of the mechanisms of photopro-
tection involves anthocyanin accumulation. The accumulation
of anthocyanin, a nonphotochemical pigment, is initiated by
stimulation of the photosynthetic machinery. This restores re-
dox balance and reduces oxidative damage (Steyn et al,
2002). The anthocyanin content in the fbn2-1 and fbn2-2
mutants was slightly, but insignificantly, lower than that in
the WT plants under normal light intensity and anthocyanin
content increased in the WT and two fbn2 mutants under
high-light stress (Figure 5A). Under normal conditions, the

expression levels of the PRODUCTION OF ANTHOCYANIN
PIGMENT 1 (PAP1) anthocyanin transcription factor were
lower in fbn2 mutants than in WT plants but increased to
the same level under high-light stress (Figure 5, B and C). The
expression of the downstream genes, DIHYDROFLAVONOL 4-
REDUCTASE (DFR) and LEUCOANTHOCYANIDIN OXIDASE
(LDOX), tended to increase in the fbn2 mutants compared
with the levels in the WT plants grown at the same time un-
der high-light conditions (Figure 5, D and E).

FBN2 is required to form osmiophilic PGs in
high-light stress

To determine whether FBN2 affects PG formation, chloro-
plasts in WT and fbn2-2 mutants were analyzed by transmis-
sion electron microscopy. Osmiophilic (black) and
nonosmiophilic (white) PGs were observed in the chloro-
plasts (Figure 6A). The WT showed a high number of
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Figure 4 FBN2 expression, photosynthetic capacity, and prenyl lipid content. A, FBN2 expression in WT Arabidopsis plants after 0, 6, 12, and 24 h

exposure to high light (850 tmol m™>

s™" light). B, Maximum quantum yield of PSIl (Fv/Fm) in the WT and fbn2 mutants under high-light/cold

stress (850 wmol m2s! light/15°C). C-F, Quantification of PQ-9, PC-8, and Tocs in the WT and fbn2 mutants at 0, 6, 12, and 24 h of exposure to
high light (1,000 pmol m™ s light). Data represent means with SEM from independent samples (n = 4). Statistically significant differences from
WT are indicated by one-way ANOVA with Tukey’s post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001). FW, fresh weight.

nonosmiophilic PGs under normal conditions and increased
numbers of osmiophilic PGs under high light (Figure 6, B
and C). The total PG number of the WT was higher under
high light than normal light (Figure 6D). In contrast, the
fbn2-2 mutant showed a low number of nonosmiophilic PGs
in normal conditions and increased numbers of nonosmio-
philic PGs instead of osmiophilic PGs under high-light condi-
tions (Figure 6, B and C). However, the total PG number in
the fbn2-2 mutant did not change between the normal and
high-light conditions (Figure 5D). PGs accumulate PQ, caro-
tenoids, and TAG, thereby contributing to the osmiophilicity

of PG (Dahlin and Ryberg, 1986). Thus, FBN2 may require
accumulation of lipids in the PGs for the formation of
osmiophilic PG under high light.

The fbn2 mutants are more sensitive to methyl JA

JA-treated plants exhibit a response that inhibits shoot and
root growth and promotes anthocyanin accumulation and
leaf senescence (Staswick et al, 1998; He et al, 2002; Zhang
and Turner, 2008; Qi et al,, 2011). Phenotypes, such as senes-
cence and the relationship between PG and JA production,
have frequently been mentioned in studies on FBNs and
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and high-light conditions, respectively. The results of biological triplicates were averaged. Data represent means with SEM from independent sam-
ples (n = 3). Statistically significant differences from the WT are indicated by one-way ANOVA with Tukey's post hoc test (**P < 0.01,

*p < 0,001).

PG-located proteins (Youssef et al, 2010; Lippold et al, 2012;
Lundquist et al, 2013; Li et al, 2019). Therefore, we investi-
gated the FBN2-deficient plant response to methyl JA
(MeJA), a JA compound. Root length was measured to test
JA sensitivity. The roots of the fbn2-1 and fbn2-2 mutants
grown on Murashige and Skoog (MS) medium were longer
than those of the WT and jasmonate-resistant 1(jar1)
mutants. Root growth in all plants was affected by the MS
medium containing 50 UM MeJA (Figure 7A) and signifi-
cantly inhibited in the fbn2-1 and fbn2-2 mutants compared
with that in the WT (Figure 7B). In contrast, the roots of

the jar1 mutant, which is insensitive to MeJA, grew longer
than those of the WT. This shows that fbn2 mutants are
very sensitive to MeJA.

The fbn2 mutants promote JA-induced senescence

The fbn2 mutants were compared with WT plants for
growth on MS medium containing 25 uM MeJA. There was
no difference in growth between the fbn2 mutants and the
WT grown for 14days on MS medium. However, adding
MeJA to the MS medium inhibited the growth of both fbn2
mutants and WT plants, and a pale green phenotype was
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Figure 6 Transmission electron micrograph of chloroplasts in the WT and fbn2 mutants. A, Chloroplast of WT and fbn2-2 mutant leaf stained
with osmium tetroxide. White or black arrows indicate nonosmiophilic or osmiophilic PGs. Scale bar = 1 um. B-D, The numbers of nonosmio-
philic (white) or osmiophilic (black) PGs and total PGs per chloroplast. 10 chloroplasts were counted from each leaf of three plants. Data represent
means with SEM from independent samples (n = 10). Statistically significant differences from the WT are indicated by t test (*P < 0.05,

**p < 0.001). N, normal; HL, high light.

observed in fbn2 mutants compared with the WT plants
(Figure 7C). The chlorophyll content in fbn2 mutants was
65%—70% compared with that in the WT on the normal MS
medium, but there was no difference in the color of visible
leaves (Figure 7, C and D). Under MeJA treatment, the chlo-
rophyll content decreased in both the WT and fbn2
mutants. A 50% decrease was observed in the fbn2 mutants
compared with the content in the WT plants, reflective of
the pale green phenotype (Figure 7D).

To investigate whether the MeJA-induced pale-green phe-
notype of the fbn2 mutant leaves was related to JA-induced
leaf senescence, we compared leaf senescence among the
WT, fbn2 mutants, and jar1 plants under dark conditions in
100 M MeJA solution. After 3days of treatment, the de-
tached leaves of the fbn2 mutants showed greater chloro-
phyll loss, as reflected by a yellow color, than those of the

WT plants (Figure 7E). The photosynthetic ability (Fv/Fm)
and chlorophyll content were also significantly lower in the
fbn2 mutants than in the WT and jar1 mutants (Figure 7F).
These results showed that the fbn2 mutants promoted JA-
induced senescence.

Expression analysis of genes involved in JA-induced
senescence

The FBN2 transcription was downregulated under dark con-
ditions, whereas upregulation was observed under high-light
conditions (Supplemental Figure S6). After 12 and 24h of
MeJA treatment under dark conditions, FBN2 expression in-
creased compared with that observed under dark conditions
only. This suggests that FBN2 may be up-regulated by JA.
Changes in the expression of JA biosynthesis and
senescence-related genes at different times after MelA
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Figure 7 fbn2 mutant sensitivity to MeJA treatment. A, Growth of WT and fbn2 or jar1 mutant seedlings under normal and MeJA (50 LM) treated
conditions. B, Root growth under normal and MeJA treated conditions. C, Pale-green phenotype of WT and fbn2 mutants after 14 days of growth
on unsupplemented and MeJA (25 uM)-supplemented MS medium. D, Chlorophyll content in the WT and fbn2 mutants under conditions de-
scribed in (C). E, Leaves of WT and fbn2 or jar1 mutants after 0 and 3 days of MeJA (100 uM) treatment under dark conditions. F, Maximum quan-
tum vyield of PSII (Fv/Fm) and chlorophyll content of leaves described in (E). Scale bar = 5mm (A and E), 2mm (C). The results of biological
triplicates were averaged. Data represent means with SEM from independent samples (n = 10 for B, n = 3 for [D] and [F]). Statistically significant
differences from WT are indicated by one-way ANOVA with Tukey’s post hoc test (*P < 0.05, **P < 0.001). Chl, chlorophyll.

treatment were analyzed (Figure 8). The level of the JA bio-  decreased at 6 h (Figure 8A). Compared with the WT plants,
synthesis gene, Lipoxygenase 3 (LOX3), decreased at 6h in the level of LOX4 increased substantially in the fbn2 mutants
the WT plants and increased very slowly thereafter. In con-  at 3h MeJA treatment and then decreased. However, a high
trast, LOX3 levels in the fbn2 mutants increased at 3h and  expression level was observed in the fbn2 mutants with
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Figure 8 Changes in the JA biosynthesis and senescence-related gene expressions in WT and fbn2 mutants after 24 h of MeJA treatment under
dark conditions. A, JA biosynthesis genes, LOX3 and LOX4, and senescence-related gene, SAG12. B, PG-localized senescence-associated genes, PEST,
PES2, PPH, PGM48, CCD4, and PG SAG. Data represent means with SEM from independent samples (n = 3). Statistically significant differences from
WT are indicated by one-way ANOVA with Tukey’s post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001).

respect to the expression in the WT plants after 3h
(Figure 8A). The Senescence-associated gene (SAG12), a JA-
induced senescence gene, was more highly expressed after
3 h in the fbn2 mutants than in the WT plants (Figure 8A).
Additionally, we analyzed the expressions of Phytyl ester syn-
thase 1 (PES1), PES2, Pheophytin pheophorbide hydrolase
(PPH), M48 peptidase (PGM48), and Carotenoid cleavage
dioxygenase 4 (CCD4), which are senescence-associated genes
present in PGs (Figure 8B). The expression levels of PES1
and PES2 were higher than those in the WT; the levels in-
creased after 3h, reaching a maximum at 12h, and then
started to decline at 24h. The expressions of PPH and
PGM48 continued to increase over time. The levels of CCD4

and an unknown SAG in PGs rapidly decreased at 3h and
increased at 24h in both WT and fbn2 mutants. These
results show that FBN2 affects the expression levels of JA
biosynthesis and senescence-associated genes through the
induction of JA.

Discussion

FBN2 is important in photoprotection
independently with FBN1a and FBN1b
FBN2 is known to be a major protein of PGs in chloroplasts
along with FBN1s (FBN1a and FBN1b) (Ytterberg et al,
2006; Lundquist et al, 2012). FBN1a, FBN1b, and FBN2 are
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considered to have functional redundancy, and their roles in
abiotic and biotic stresses were investigated by knocking
down the three FBNs simultaneously using RNA interference
(RNAJ) technology (Youssef et al, 2010). However, FBN2
showed a large difference compared with FBN1s in the se-
quence of the first exon, and only 48% identity was ob-
served at the protein level (Supplemental Figure STA). The
difference in the lipocalin motif sequences at amino acids
suggests the possibility of interactions with different pepti-
des or lipid molecules. Proteins similar to Arabidopsis FBN1s
are involved in binding with sterol esters in anthers and car-
otenoids in chromoplasts (Vishnevetsky et al, 1996;
Pozueta-Romero et al, 1997; Wang et al, 1997). The FBNTa
(BrPAP1), FBN1b (BrPAP2), and FBN2 (BrPAP3) were isolated
from Chinese cabbage (Brassica rapa) plants. BrPAP1 is pre-
sent in anther elaioplasts, BrPAP2 in petal chromoplasts,
and BrPAP3 is expressed in photosynthetic green tissues
(Kim et al, 2001). Arabidopsis FBNTs showed upregulation
of transcripts under cold and drought conditions, while the
opposite regulation was observed for FBN2 (Laizet et al,
2004). In our study, FBN2 expression was not observed in
anthers and pollen, which is different from the expression of
FBN1s in flowers (Supplemental Figure S1C). Since FBN2,
FBN71a, and FBN1b were all expressed at similar levels in
leaves (Figure 3F and Supplemental Figure S1C), all three
genes can be involved in photoprotection. Additionally,
FBN2 did not interact with other PG-localized FBNs and
proteins in our yeast two-hybrid analysis, although the inter-
action between FBN1a and FBN1b was consistent with a
previous report (Supplemental Figure S3; Gamez-Arjona
et al, 2014a). Nevertheless, a recent study reported that
FBN2 interacted with FBN1a and 1b in PG by co-
immunoprecipitation (Co-IP) and bimolecular fluorescence
complementation (BiFC) assays (Torres-Romero et al., 2022),
suggesting that FBN2 may interact with FBN1s in vivo.
Interestingly, the signals in the self-interaction of FBN2 using
BiFC assay were observed in the widespread chloroplast un-
like that of FBN1s. Therefore, how FBN2 plays a role in PG
along with FBN1s and in other chloroplast sub-
compartment remains to be determined in the future. We
showed that FBN2 plays an important role in photoprotec-
tion against high-light stress because fbn2 single mutants
were as sensitive to high light as the fbnla fbn1b double
mutant (Figure 4B and Supplemental Figure S5E).
Consistently, the fbn2 T-DNA insertion mutant reduced the
maximum quantum yield (Fv/Fm) similar to the fbnila-1b
double and fbnia-1b-2 triple mutants from another research
group (Torres-Romero et al, 2022).

FBN2 is related to prenyl lipids accumulation of PG
under high-light stress

The fbn2 knockout mutant showed a significant decrease in
PQ-9, PC-8, and Toc contents compared with the WT plants
under high-light stress (Figure 4, C-F). Photoprotection un-
der excess light conditions includes antioxidant regeneration,
ROS scavenging, and dissipation of excess excitation energy
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or electrons. PGs reportedly store antioxidants, such as PQ-
9, PC-8, and Toc, and protect thylakoid membranes against
ROS (Havaux et al, 2005; Vidi et al., 2006; Eugeni Piller et al,,
2014). VTE1 contributes to PC-8 and Toc synthesis in PG
with FBNs (Kobayashi and DellaPenna, 2008; Szymanska and
Kruk, 2010; Zbierzak et al, 2010). A previous study showed
that the FBN2 protein content in the vtel mutant was lower
than that in the WT by western blot analysis (Martinis
et al, 2013), suggesting that proteins that are localized to
PG can affect each other in their function. Although FBN2
did not directly interact with VTE1 in this study
(Supplemental Figure S3), FBN2 may maintain the structure
of PG for the storage and synthesis of PQ-9, PC-8, and Toc.
Torres-Romero et al. (2022) demonstrated higher ROS pro-
duction in fbn1-2 mutants than in WT plants under 1-week
high-light stress. Therefore, we hypothesized that the photo-
synthetic capacity in the fbn2 mutants was reduced as cause
reduction of the antioxidants, leading to the disenabled re-
moval or scavenging of ROS production by high-light stress.
The accumulation of anthocyanins in the fbn2 mutants was
similar to that in the WT plants (Figure 5A). In contrast, the
fbn1-2 mutants showed decreased accumulation of antho-
cyanins under other stress conditions (600 umol m™ s~
light intensity for 1 week). Nevertheless, ROS production was
still higher in the mutants than in the WT (Torres-Romero
et al, 2022). Consequently, we suggest that anthocyanin ac-
cumulation does not contribute greatly to the photoprotec-
tion of PGs under high-light stress conditions and that other
metabolites of PG (e.g. PQ-9, PC-8, and Toc) are more effec-
tive. In fact, compared with the WT under high-light stress,
the fbn2-2 mutant showed a lack of formation of osmio-
philic PGs containing lipid components, such as PQ-9 and
PC-8 (Figure 6, A and C). Similar to our results, previous
studies have reported that FBN4 knockdown apple tree us-
ing RNAI also showed accumulation of nonosmiophilic PGs
(Singh et al, 2010). A decrease of PQ, carotenoid, and TAG
content in PG may lead to nonosmiophilic PG (Dahlin and
Ryberg, 1986). Although we did not directly measure the
TAG content, we observed a decrease in prenyl lipids in
fbn2 mutants (Figure 4, C—F) leading to the formation of
nonosmiophilic PGs. Therefore, FBN2 may contribute to
photoprotection by accumulating prenyl lipids, such as PQ-9
and PC8, within PG (Figure 9A).

FBN2 is associated with inhibition of senescence
induced by JA

Plants produce a variety of phytohormones that can adapt
to external stimuli. Among phytohormones, JA is associated
with various plant developmental processes, including root
growth, fruit ripening, senescence, and defense signaling
against biotic and abiotic stresses (Staswick et al., 1998; Rao
et al, 2000; He et al, 2002; Zhang and Turner, 2008; Qi
et al, 2011). The jar1 mutant, which is unable to synthesize
JA-lle, is not sensitive to MeJA, and its root growth is not
suppressed more than that of WT roots (Staswick et al,
1998). The fbn2 mutants were more sensitive to MeJA than
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Figure 9 Proposed model for FBN2 function in photoprotection and JA-induced senescence inhibition. A, The PC-8 antioxidant synthesized by
the enzyme VTE1 from PQ-9 is stored in PG. Then, the PC-8 and PQ-9 may transfer to the thylakoids for protection against ROS production under
high-light conditions. It is necessary to expand PG and enzyme function to accumulate metabolites. Therefore, FBN2 may provide structural main-
tenance of PG for photoprotection. B, PG-localized proteins (PES1/2, PPH, and PGM48) have been associated with senescence, and JA biosynthesis
enzymes (AOS and LOXs) have been frequently identified in PG studies. In JA-induced senescence, FBN2 may inhibit these proteins for metabo-
lites accumulation such as phytyl esters and TAGs produced from chlorophyll degradation, as well as for JA initial biosynthesis as a PG structural

protein. HL, high light.

the WT and jar1 plants, showing greater suppression of root
growth and a pale green phenotype in leaves (Figure 7, A, C,
and E). MeJA treatment promotes chlorophyll degradation
and induces leaf senescence, which upregulates SAG expres-
sion (He et al, 2002). PG-localized proteins have been inves-
tigated for their associations with JA biosynthesis,
senescence, and lipid synthesis (van Wijk and Kessler, 2017).
In the activity of bc1 complex kinase 1 and 3 (abc1k1/3) dou-
ble mutants, JA biosynthetic proteins were recruited into
the PGs, resulting in a phenotype similar to the senescence-

like phenotype under light stress conditions, but the reason
and pathway were not clear (Lundquist et al, 2013). In addi-
tion, FBN2 protein levels were reduced in abc71k3 mutants
compared with the WT (Martinis et al, 2013).
Overexpression of the PG-localized metallopeptidase PGM48
promotes natural senescence (Bhuiyan et al, 2016). In con-
trast, the pes1/2 double mutant retained green leaves during
dark-induced senescence because of delayed chlorophyll
degradation. PES1/2 synthesizes fatty acid phytyl esters and
TAGs in PGs from free phytol and fatty acids produced by
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chlorophyll breakdown during chlorotic stress or senescence
(Lippold et al., 2012). Although FBNs are the most abundant
PG proteins, the relationship between FBNs and senescence
has not been reported. The fbn2 mutants showed upregula-
tion of JA biosynthesis and senescence-related genes, includ-
ing LOX3/4, PES1/2, PGM48, SAG12, and PPH, upon MeJA
treatment (Figure 8). This may explain why fbn2 mutants
promote leaf senescence. Additionally, AOS that has been
reported to contribute to initial JA biosynthesis in chloro-
plasts was found in PG (Ytterberg et al, 2006), and LOX2
was predicted to be positioned on the PG surface with
FBN1a (Espinoza-Corral et al, 2021). JA biosynthesis
enzymes, such as AOS, LOX2, and allene oxide cyclase
(AOC), were identified in Co-IP analysis with FBN2, and
three FBNs (FBN1a, 1b, and 2) interacted with AQOS in vivo
using the BiFC assay (Torres-Romero et al., 2022). In consid-
eration of our results and those of previous studies, we pro-
pose the possibility that FBN2 may control the proteins for
accumulation of senescence-related metabolites, such as
phytyl esters and TAGs, and initial JA biosynthesis as a
structural protein of PG under MeJA and dark treatment
(Figure 9B).

Materials and methods

Plant materials and growth conditions
All plants, viz. Arabidopsis (A. thaliana) Col-0, T-DNA
mutants, and transgenic plants, were grown either in potting
soil in growth chambers at 23°C under a 16-h/8-h light/dark
cycle, with a light intensity of 100pmol m™ s™', or in
0.5 x MS agar medium with 1% (w/v) sucrose under the
same conditions. The 3-week-old WT and fbn2 mutants
were exposed to 850 umol m™ s light and grown in the
same growth chamber condition for up to 24h at 15°C to
induce high-light/cold stress. The duration of the high-light
stress treatment varied depending on the experiment. Prenyl
lipids were measured at 0, 3, 6, 12, and 24 h intervals, antho-
cyanin was measured for 5days, photosynthetic proteins
were analyzed at 0, 12, and 24 h intervals, and electron mi-
croscopy was performed for 12h. For JA treatment, the
plants were grown on MS agar medium (normal) and the
same medium containing 25 or 50 UM MeJA for seedling
phenotype observation and root length measurement,
which was performed using Image) software (http://imagej.
nih.gov/ij/).

For the leaf senescence assay, rosette leaves of 4-week-old
plants were harvested, treated with 100 M MeJA or water,
and kept under dark conditions for 3-5 days.

Histochemical GUS reporter assay

FBN1a, 1b, and 2 promoters:GUS constructs were created
with different promoter regions (all regions about 3kb in
the 3-UTR of the upstream gene and 5'-UTR of FBNs) of
FBN1a, FBN1b, and FBN2 using a specific primer (see
Supplemental Table S2) cloned into pENTR/D-TOPO to
generate pENTR-FBN1a, 1b, and 2 promoters, respectively.
Each promoter region was transferred to the pMDC163
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destination vector using the Gateway system to make the
pMDC163-promoter:GUS constructs. Transgenic Arabidopsis
Col-0 plants transformed with these constructs were se-
lected on an MS medium containing hygromycin. In the T1
generation, 15 or more transformants were obtained per
construct. Three independent lines for each construct, which
were considered to be one copy of a transgene with a 3:1
segregation ratio of hygromycin resistance and sensitivity in
progeny, were advanced to the T3 generation. Each trans-
formant, homogenized with the transgene, was subjected to
GUS staining. The three independent lines had the same
GUS staining pattern for each tissue. The GUS staining was
performed using 1mg mL™' 5-bromo-4chloro-3-indolyl-B-D-
glucuronide solution in 100 MM sodium phosphate buffer
(pH 7.0), 10mM EDTA, 0.1% Triton X-100, 100 ug mL™"'
chloramphenicol, 2mM potassium ferricyanide, and 2 mM
potassium ferrocyanide. After overnight incubation with the
solution at 37°C, the pigments were removed by treatment
with 70% ethanol.

Transcript analysis

For transcriptional expression analysis, different Arabidopsis
tissues from 5-week-old WT plants and leaves in WT,
mutants, and complementation lines under normal or high
light or JA treatment were sampled and fixed in liquid nitro-
gen. Total RNA was extracted from these samples using
TRIzol reagent (Favorgen) and treated with RNase-free
DNase | (Thermo Fisher, Waltham, MA, USA) to remove ge-
nomic DNA contamination. cDNA was synthesized from to-
tal RNA using a cDNA synthesis kit (Takara, Shiga, Japan)
following the manufacturer's recommendations. RT-qPCR
was performed using SYBR Green premix (Toyobo, Osaka,
Japan); the all RT-qPCR primers for housekeeping gene
(elF4a), FBNs (FBN1a, FBN1b, and FBN2), anthocyanin-related
genes (PAP1, DFR, and LDOX), and JA- and senescence-
related genes (LOX3/4, SAG12, PES1/2, PPH, PGM48, CCD4,
and PG SAQG) are listed in Supplemental Table S2. Relative
expression levels were normalized to the levels of the endog-
enous control gene elF4a. The reactions were performed in
triplicate. For RT-PCR analysis of fbnia, fbnib, fbn2, fbnia
fbn1b double, fbnia fbn1b fbn2 triple mutants, fbn2-1/FBN2
complementation lines, the specific primers of endogenous
control (elF4a and ACT7), and FBN genes (FBN1g,
FBN1b, and FBN2) was designed and listed in Supplemental
Table S2.

Subcellular localization

The full-length FBN2 gene amplified from the c<cDNA of
Arabidopsis leaves was cloned into pDONR221 using the
Gateway vector and BP Clonase (Invitrogen, Waltham, MA
USA). FBN2 was transferred to pEarleygate101 to construct
the 35S:FBN2-YFP fusion vector using LR clonase (Invitrogen)
(Earley et al, 2006). Full-length VTET was amplified from the
same cDNA using primers containing Xba1/BamH1 enzyme
sites for insertion into the pCAMBIA3300-mCherry vector.
The Cab- and OEP7-mCherry vectors were obtained from
R&D Bioresources deposited by Hwang Inhwan, Pohang
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University (Kim et al, 2013). These vectors were introduced
into Agrobacterium tumefaciens strain GV3101 and trans-
formed into Arabidopsis Col-0 plants using the floral-dip
method (Clough and Bent, 1998), or into N. benthamiana
by transient Agrobacterium infiltration (Wydro et al,, 2006).
Transgenic Arabidopsis plants were selected on MS medium
containing DL-phosphinothricin and grown in soil for
2 weeks for imaging. Nicotiana benthamiana plants were
maintained for 4-5days after 1day of dark conditions and
were directly observed from leaves or isolated protoplasts as
described (Yoo et al, 2007). The collected samples were
analyzed using a Leica TCS SP5 confocal microscope
with 40x/1.25 NA Oil objective and excitation/emission at
488/520nm for YFP and 640/700nm for chlorophyll
autofluorescence or a Nikon Eclipse Ts2R-FL fluorescence
microscope with 40 X objective.

Generation of fbn2 mutants and complementation
of fbn2-1 mutant
Two sgRNAs of FBN2 were designed using the CRISPR-P tool
(http://crispr.hzaueducn/CRISPR2/) at  78-bp intervals.
These were amplified by the golden gate cloning method
(Weber et al, 2011) using the PCR primers listed in
Supplemental Table S1. Level 1 vectors were assembled as
plCH47751:5gRNA1 and plICH47761:sgRNA2 under the
Arabidopsis U6 promoter. The level 2 vector was assembled
as a level 1 wvector, plCH47732:NOSp:NPTII-OCST,
plCH47742:355p::Cas9-NOST, and plCH41766, into the
pAGM4723 vector. To increase genome editing efficiency in
the final vector, the 35S promoter was replaced with a ubig-
uitin promoter for Cas9 expression. Agrobacterium tumefa-
ciens strain  GV3101 containing the final gene-editing
construct (pAGM4723-FBN2) was inoculated into Col-0
Arabidopsis plants using the floral dip method. Transgenic
plants were selected based on their kanamycin resistance. To
identify knockout mutants, the genomic DNA was extracted
from the transgenic plants, and PCR was performed using
specific primers designed from the sgRNAs region in FBN2.
To complement the fbn2-1 mutant, the 35S:FBN2-YFP
vector used for subcellular localization was transformed into
the fbn2-1 mutant using the same floral-dip method as de-
scribed above. FBN2-YFP was cloned under the control of
the CaMV35 promoter by removing only the stop codon
from the FBN2 full-length cDNA and fusion YFP in an in-
frame. Homozygous plants were selected using DL-
phosphinothricin for the T4 generation.

Identification of fbnia and fbn1b single T-DNA
mutants and generation of fbnia fbn1b double and
fbnia fbnib fbn2 triple mutants

To select fbnla and fbn1b T-DNA insertion homozygous
mutants, the salk_130350 and sail_384_A10 lines were pro-
vided from ABRC (https://abrc.osu.edu/). For the T-DNA in-
sertion homozygous lines, LP and RP primers for each line
were designed using SIGnAL “T-DNA Express” web
(Supplemental Tables S2). T-DNA insertion into the 1Tst

Kim et al.

exon of FBNT1a in salk_130350 was confirmed by DNA-PCR
genotyping to select a homozygous line, which did not ex-
press the full-length FBN7a transcript through RT-PCR
(Supplemental Figure S5A). In sail_384_A10, a T-DNA-
inserted homozygous mutant was selected in the same way,
confirming that T-DNA was inserted into the third exon
(Supplemental Figure S5B). The lines derived from
salk_130350 and sail_384_A10 were named fbnla and
fbn1b, respectively.

The fbnia fbn1b double mutant was generated by crossing
fbnia and fbn1b. F1 was produced by crossing fbnila with
fbnib. By selfing F1, an F2 descendant generation was
obtained. Thirty-two F2 progenies were cultivated and geno-
typed by DNA-PCR to select three lines in which two genes
were homozygous. For these homozygous lines, RT-PCR con-
firmed that they were fbnla fbn1b double knockout lines in
which FBN1a and FBN1b genes were not expressed
(Supplemental Figure S5C). The fbn1a fbn1b fbn2 triple mu-
tant was prepared in the same manner as the fbn2 mutant.
The FBN2 gene was knocked out by CRISPR-Cas9 gene-edit-
ing system with two sgRNA ‘GGAATCCGGGACCCGGTTTA’
and ‘GTGCGGTGTCTGACCCGACT’ in the selected fbnla
fbn1b double mutant. Finally, sequencing confirmed a 77 bp
deletion and predicted an early stop in the translated amino
acid sequence (Supplemental Figure S5D).

Measurement of chlorophyll fluorescence

The maximum fluorescence yield of PSIl (Fv/Fm) was mea-
sured using a Fluorpen FP 100 instrument (PSI, Czech). The
plant leaves were dark-adapted for 15min before taking
measurements using leaf dark clips and 3,000 umol m™ s™"
intensity light. The maximum PSII efficiency was calculated
as (Fm-Fo)/Fm, where Fm is the maximum chlorophyll
fluorescence intensity and Fo is the minimum chlorophyll
fluorescence intensity. The measurement was obtained by
three repetitions from three individual plants exposed to
850 umol m~2 57" light at 15°C for up to 24 h in a growth
chamber.

Measurement of anthocyanin and chlorophyll
content

For anthocyanin extraction, the ground plant tissues were
treated with an extraction buffer containing 18% isopropa-
nol, 1% hydrochloric acid, and 81% water and boiled for
5min (Deikman and Hammer, 1995). Chlorophyll extraction
was performed by treating the ground tissue with 80% ace-
tone, as described previously (Su et al, 2010). The extract
was incubated in the dark at 25°C for at least 3h, and the
chlorophyll content was measured by spectrophotometry
(DeNovix DS-11 +).

HPLC analysis

For PQ-9 analysis, PC-8, and Tocs, frozen tissues were
ground in liquid nitrogen and total lipids were extracted as
described previously (Bligh and Dyer, 1959). HPLC
(Shimadzu LC-20AD) was used to analyze the samples in
ethanol on a C18 reverse-phase column at 30°C, as
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previously described (Kim et al, 2015). The samples were
separated in isocratic mode with methanol at a 1.0 mL/min
flow rate. Toc and PC-8 were monitored fluorimetrically at
the excitation and emission wavelengths of 290 and 330 nm,
respectively. The PQ-9 was detected at a 255nm wave-
length. The compounds were quantified using external cali-
bration standards, and the data were corrected by
comparison with the recovery of rac-tocol (Matreya), which
was used as the internal standard.

Transmission electron micrograph

The leaf fragments were collected from 3-week-old WT and
fbn2 mutant plants treated either with normal or high light
(100 or 850 umol m™ s and fixed with 2% glutaraldehyde
and 2% paraformaldehyde in 0.05M sodium cacodylate
buffer (pH 7.2). Samples were postfixed in 1% osmium te-
troxide in 0.1 M sodium cacodylate buffer (pH 7.2) for 2 h,
and dehydrated in 0.5% uranyl acetate and graded ethanol.
The samples were then embedded in Spurr’s resin. Ultrathin
sections (70 nm thick) were obtained using a Leica EM UC7
ultramicrotome and imaged using a Talos L120C transmis-
sion electron microscope.

Yeast two-hybrid assay

To analyze the interaction between FBN2 and other PG pro-
teins, full-length genes, except for FBN2, were amplified from
cDNA extracted from Arabidopsis leaves without the TP
predicted by TargetP version 1.1 (http://www.cbs.dtu.dk/serv
ices/TargetP/). These PCR products were cloned into
pDONR221 by BP clonase (Invitrogen) using the Gateway
system and were transferred to pDEST-pGBKT7 (bait) or
pDEST-pGADT7  (prey) vectors using LR clonase
(Invitrogen). Yeast transformation was performed according
to the Yeast Protocols Handbook (Clontech, Mountain
View, CA, USA). The empty and pGBKT7-FBN2 bait vectors
were first transformed into a yeast strain (AH109), then the
pGADT7 prey vectors were transformed into yeast cells and
selected on selective SD/-Leu/-Trp medium. The final colo-
nies were selected and spotted on selective SD/-Ade/-His/-
Leu/-Trp media. The images in Supplemental Figure S3 were
observed after 3 days at 30°C.

Accession numbers

Sequence data were obtained from GenBank/EMBL libraries
under the following accession numbers: FBNTa (At4g04020),
FBN1b (At4g22240), FBN2 (At2g35490), PAPT (At1g56650),
DFR (At5g42800), LDOX (At4g22880), LOX3 (At1g17420),
LOX4 (At1g72520), PEST (At1g54570), PES2 (At3g26840),
PPH (At5g13800), PGM48 (At3g27110), CCD4 (At4g19170),
and PG SAG (At1g73750).

Supplemental data

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

Supplemental Figure S1. Comparison of protein sequen-
ces and expression patterns of FBN7a, FBN1b, and FBN2.
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Supplemental Figure S2. Subcellular localization of FBN2
in Arabidopsis and N. benthamiana cells.

Supplemental Figure S3. Yeast two-hybrid analysis of the
interaction between FBN2 and PG proteins.

Supplemental Figure S4. Complementation of fbn2-1
mutant in Arabidopsis.

Supplemental Figure S5. Comparison of photosynthetic
capacity among fbn1ia, fbn1b, fbn2-1 single, fonia fbn1b dou-
ble, and fbnia fbn1b fbn2 triple mutants under high-light
stress.

Supplemental Figure S6. Expression of FBN2 under dark
and JA treatments.

Supplemental Table S1. Top 20 co-expressed genes with
FBN2.

Supplemental Table S2. Oligonucleotides used in this
study.
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